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Introduction 

Environment  Ontario  holds  its  annual  Technology  Transfer 
Conference  to  report  and  publicize  the  progress  made  on 
Ministry-funded  projects.   These  Btudiee  are  carried  out  in 
Ontario  Universities  and  by  private  research  organizations 
and  companies. 

The  papers  presented  at  Technology  Transfer  Conference  198B 
ore  published  in  five  volumes  of  conference  Proceedings 
corresponding  to  the  following  sessions: 

SESSION  A:  AIR  QUALITY  RESEARCH 

SESSIOM  B:  WATER  QUALITY  RESEARCH 

SESSION  C:  LIQUID  AND  SOLID  WASTE  RESEARCH 

SESSION  D:  ANALYTICAL  METHODS 

SESSION  E;  ENVIRONMENTAL  ECONOMICS 

This  volume  is  comprised  of  presentations  given  during 
Session  C  of  the  conference. 

For  reference  purposes,  indices  for  sessions  A,B,D  and  E 
may  be  found  at  the  back  of  this  volume,  listed  in  alpha- 
numeric order. 

For  further  information  on  any  of  the  papers,  please 

contact  either  the  authors  or  the  Research  and  Technology 
Branch  at  {416)  323-4574  or  323-4573. 
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The  Conference  Committee  would  like  to  thank  the  authors 
for  their  valuable  contributions  to  environmental  research 
in  Ontario. 

Diaclaimr 

The  views  and  ideas  expressed  in  these  papers  are  those  of 
the  authors  and  do  not  necessarily  reflect  the  views  and 
policies  of  Environment  Ontario,  nor  does  mention  ot  trade 
names  or  commercial  products  constitute  endorsement  or 
recommendation  for  use. 
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KEYNOTE  PAPER  I 

Scieace-3a3«<i  Isnovation 

Sciincs-bastd  Innovation  la  critical  la  :od«y'3  global  econonr/  tc  sustair; 
and  tnhanca  a  nation's  prosperity.  In  aaaitina  to  sustain  and  enhanc-  1:3 
pcojp*rlty  by  participa:lng  ir.  a  grovlnj  vol'^ra*  ol  vorld  trade,  larga  and 
small  econoolas,  face  critical  pcoblems  of  adaptinj  their  lns:ifJtions, 
policies  and  practices  to  a  radically  nev  enviconm«n:.  Key  elaaients  of 
this  environment  are  that  vorld  trade  now  occurs  in  a  global  ecanomy  in 
which  the  intervaaving  of  science,  engineerlag  and  technology  has  acquired 
the  pover  to  tranatorm  the  compacativt  advantage  and  prosperity  of  nations. 
With  the  scale,  scope  and  openness  o:  the  internacional  enterprise  of 
science,  the  transierabllity.  of  technologies  and  the  nobility  of  capital, 
jcience-based  innovation  has  becoEe  a  dri'-'ing  force  for  the  technological 
and  corporate  change  that  creates  nev  tradeable  goods  and  sarvices-  These 
conditions   are   radically  dillecent    £ron    those  oi    the  Industrial  Revolution. 

In  a  modern  econo^iy  the  sector  vhich  produces  tradeable  goods  and  services 
supported  by  the  firs:  service  sector  of  financial,  legal,  anergy, 
transportation,  communication  systems,  etc.,  generates  the  Income  that 
enables  a  coyntry  to  invest  in  the  second  service  sector  of  aducatlon, 
health  care  and  other  personal  and  social  benefits-  (Figure  1).  In  some 
countries  financial  Institutions  have  been  operating  In  a  manner  that 
hampers    the  developments   in   ths    tradeable  goods   and   services  sector. 

lo  participate  in  the  global  economy  driven  by  science-based  innovation  it 
Is  assential  that,  on  a  national  or  regional  basis,  the  pyrsaid  of  research 
capacity  (in  terns  of  knowledge  flow]  that  leads  to  tradeable  products  and 
services  has  intearity,  that  is,  that  there  be  a  reasonable  balance  of 
capacity   throughout   the  pyrasdd.   (Figure  2}> 

Increasingly  science-based  innovation  requites  a  strong  long-term  applied 
research  capacity,  particularly  in  relation  to  emerging  generic  technolo- 
gies, that  is  industry-based  and  controlled.  This  capacity  has  to  be 
linked  to  a  high  quality  fundamental  research  base  and  a  strong  market 
focused  development   capability. 

large  and  small  countries  in  different  stages  of  development  faces  problems 
in; 

I)  achieving  structural   integrity  necessary  for  science-based 
innovation  suitable  for  their  liaiited  resources  of   people  and 
money,   and 

II)  using   their  limited  resources  effectively. 
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F inure   li      A  SiJiple  Wedel  cf    the  Economy 


In  today's  global  eeonoay  it  is  inportajit  to  understand  the  relationship 
between  innovation  in  the  production  of  (cadeablB  goods  and  secvicas  and 
the  sanacation  o(  income,  A  slapla  Jiodel  In  zocms  ot  stating  ihe  liey 
iasuas  is  given  in  Figure  1.  This  model  segsients  the  aconoffly  Into  three 
bloclts  labeled  (A)  Tcadaable  Goods  and  Services.  (B)  Service  Sector  I  and 
(C)  Service  Sector  II.  The  major  source  o£  income  vhich  sustains  o'^r 
standard  of  living  comes  from  sector  (A)  Ttadeable  Goods  and  Services. 
Canada's  current  standard  of  living  raqulres  very  substantial  volumes  of 
trade  into  vocld  narkecs.  In  the  globally  competitive  market  of  today  a 
nation  must  be  concerned  vith  maintaining  and  enhancing  the  environment  it 
creates  (or  business  and  Industry  that  can  innovate  in  the  production  of 
rradeable  goods  and  services.  To  function  effectively,  auth  enterprises 
require  a  high  quality  service  sector,  namely  (3)  Service  Sector  I, 
comprising  such  services  as  finance,  legal,  energy,  construction, 
cofflmunicatlons,  transportation,  distribution.  It  la  the  cooibinsCion  of 
this  business  service  sector  {vhich  produces  some  tradeable  services)  and 
the  sector  directly  producing  tradeable  goods  and  services  vhich  generate 
the  primary  income  of  a  region. 

It  Is  tha  inco«e  generated  by  the  foragoing  activities  vhich  allows  rh« 
expansion  of  (C)  Service  Sector  II  that  is  concerned  with  personal  and 
social  services.  The  social  service  sector  includes  health  cart, 
education,  community  services,  leisure  and  recreational  activities.  Our 
capacity  to  sustain  and  iaprove  the  services  and  opportunities  depends  on 
tha  capacity  of  sectors   (A)   and   (S)   to  generate   the  necessary  Incoae. 
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Reasarch  as  an  •!•»««(  related  to  the  ovecall  process  o£  Innovation,  can  b* 
broken  dovn  Into  ihcee  prlnncy  components  that  must  be  linked  CogetHer  to 
be   effective: 

1.  Basle  or  fundamental  research  vhich  it  usually  chajraeierlzed  by  the 
researchers'  prlnary  objective  being  the  generation  of  new  knovledje 
and  understanding  about  nan  and  the  vocld  around  ua.  This  research  is 
long-ten  {usually  on  a  tima-scale  of  10  years  or  iBore}i  and  has  a  high 
level  of  uncertainty  in  terns  of  vhat  the  results  will  be.  In  Vestern 
culture,  basic  research  is  priaarily  university-based  and  saldora 
results  in  knovledge  that  is  of  ioir.ediaie  coraaercial  value.  The 
Itnovledge  gained  from  such  research  is  rapidly  and  videly  distributed 
to  scientists  throughout  the  vorld  through  publication  in  scientific 
journals.  Because  the  results  frore  (his  research  are,  or  hav«  been, 
co.-.sidered  a  public  good,  this  type  of  rtsaarch  has  beer,  financed 
priaarlly  by  the  public  sector  and  pcivace  her.efactnrs.  iTicreasingly, 
hovever,  vhen  knowledge  contributed  by  basic  research  is  critical  for 
new  product  development,  industries  are  becoming  involved  in  basic 
research   (OECO,    1997). 


2.  AppUtd  ct»«Teh!  In  mcst  Muntrita.  »ppli«d  reattrch  it  lalnly 
cicrnd  ou;  In  ioduatrial  o;  gov^cnnsnC  la6oratori«a  >  but  in  soflil 
counitlea,  thar*  is  subsnantltl  unlvtrslty  lnvolv««ent  wl;li  rispect  to 
long«r  tBca  raatarch,  partlcjUrly  in  adiools  of  ■ngineBfins,  a«Jlcla« 
«nd  a&nagemcnt.     Appliad  :as«srcn  h«s  a  scraceglc  tirgti  and  atiempta: 

to  «xt«nd   the  acsp*  oC  undcratznaing  of  materials  and 
proceaaes, 

to  detenaine  how  the  sc^'jimilatad  knowledge  frsn  basic 

raaearch,   extend  vhere  necessir/  by  focused  specializes! 

research,   can  be  usb<j  to  develop  a  potential  nev  product 
oc  services)  oc 

to  detertainc  hov  to  nodlfy  and  improve   the  perforjiance 
of  exlating  products  oc  services   to  sustain   their 
urke  lability. 

Applleit  research  vhlch  is  medlua  to  long-term  (on  a  time  scale  oE  three 
to  ten  years),  also  has  a  significant  level  of  uncertalncy,  but  because 
it  is  targeted,  there  Is  a  probability  that  there  vlll  be  economic 
benefit.  The  means  for  the  financing  of  this  research  very.  In  sone 
sectors  such  as  Che  pharmaceutical  and  chemical  fields,  the  research  is 
largely  funded  by  the  private  sector  piixatlly  through  the  benefits 
froa  patent  protection,  whereas  in  fields  such  as  aircraft  and 
•lactronlcs,  there  has  been  a  mixture  of  public  and  privata  financing. 
In  some  cases  a  aonopoly  position  (e.g.  ATiT  and  Bell  Laboratories)  has 
encouraged  the  funding  of  longer-term  applied  research,  but  there  are 
fev  examples  of  the  private  sector  being  able  to  finance  longer  tern 
applied  research  vhoUy  from  its  ovn  resources  unless  there  is 
affective  patent   protection  or  Che  business  has  a  monopoly  position. 

It  is  coffljnoD  in  some  sectors  to  associate  the  processes  of  anginaerlng 
design  and  development  of  a  product  or  service  as  discussed  above,  vith 
the   term  development  or  developmental  research. 

3.  DevelopmenCal  research  is  research  thati 

-  naJies  use  of  the  fruits  of  applied  research  jpeclfically  to 
create  a  nev  marltacable  product  or  service,   or 

-  improves,    through  a  aetics  of  small  steps  of  innovation  baaed  or 
state-of-the-art  knowledge,   an  already  existing  product  or 
service,   or 

-  enhances    the  ease  of  production  of  a  product  or  the  provision  of 

a  acrvlce. 

This  type  of  research  has  the  leas:  uncertainty,  is  carti^d  out  on  a 
tine  scale  of  less  than  three  years,  and  has  the  highest  probablli:y  of 
aeonomic  benefit-  Develapnental  tasaarch  Is  mainly  financed  by  the 
private  sector,  although  there  are  exceptions  in  vhich  there  has  been 
■ubataotial  public   financing- 


Th«  foragoing  ca:egOEi«3  of  resaarch  can  b«  raprtsentad  by  :h«  pyramids 
ahovn  In  Pij-Jr*  2,  At  th«  narrow  p«ak  o£  oftcii  pyriaiid  Is  a  Broduc;  3r 
aer'iz*.  a  specific  artlCacc  of  technology  dealgned  Co  perfom  a  particular 
function  in  a  market.  From  its  peak,  each  pytamid  expands  through  tha  'hcte 
pri.iiaj:y  categocias  of  rasaattn  to  a  hcoad  basa  In  basic  rt3aar:h.  Tha 
category  "applied  research"  has  been  sagflented  IntJ  f/o  slicas  labeled 
coapeclclva  (short-ttm  applied)  and  pco-conpetitive  (loag-tera  applied). 
Compatl tlvB  applied  raaaacch  is  that  vhich  has  direct  proprlatary  valu«  to 
the  business.  Pre-coapetitive  applied  research  is  :ha:  which  is  generally 
uaaf'jl  in  sectors  oj  induacr-/  (This  reaaarch  ia  octen  concerned  v;;h  vhat 
can  b«  called  generic  tachnology).  The  relative  vldrh  ol  aach  slice  across 
the  pyramid  suggests  the  range  of  generality  at  the  luiovlsdge  associated 
vith  it.  Tha  overlapping  of  parts  of  tha  pyramids  indicates  Chat  as  on« 
reaches  tovards  the  scientific  root*  pertinent  to  the  developnant  of  & 
particular  product,  tha  knowledge  base  becomes  relevant  to  a  range  o£ 
products.  Indeed,  the  essence  of  basic  science  is  that  it  seeks  for  general 
principles  of  understanding  vithin  particular  circumstances  of  study, 
vhereas  engineering,  through  the  technology  it  creates,  seeks  to  realise  a 
particular  operational  function  in  a  market  vithin  the  dofflain  o£ 
possibilities  bounded  by  science. 

fclence-based  Innovation  then  is  innovation  In  vhich  the  realization  of  an 
effective  and  competitive  product  or  service  utillnsi  through  the  focusing 
processes  of  the  pyramid  of  research,  tha  full  ranga  of  scientific  and 
engineering  understanding  pertinent  to  the  function  of  the  product  or 
service    in    tha  narketplace. 

The  classification  of  levels  of  research  in  the  research  pyra.Tiid  of  Figure  2 
is  based  on  the  diverse  literature  on  Innovation,  Its  pertinence  for  elder, 
large-scale,  science-based  industries  is  clear.  Hovevar,  a  key  point  today 
is  that  the  research  pyranid  is  relevant  to  all  i.idustry  participating  in 
the  global  economy  of  science-based  innovation- 
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As  difficult  as  research  can  be,  tt  is  still  more 
difficult  to  apply  it  swiftly  for  economic  or  social  benefit. 
In  addition  to  the  usual  obstacles  to  technology  transfer, 
environmental  research  faces  additional  ones  of  a  political 
nature.   It  behooves  us  to  know  a  great  deal  more  about  how 
research  is  transformed  into  practical  benefits  and  how 
environmental  research  in  particular  can  be  more  rapidly 
applied.   The  improvement  of  the  environment  is  an  area 
where,  with  appropriate  policies,  economic  and  social 
benefits  occur  simultaneously. 

In  supporting  research  activities,  we  cannot  take 
for  granted  that  application  will  naturally  follow  any 
improvement  in  knowledge.   More  attention  needs  to  be  paid  to 
the  incentive  structures  of  research  organizations,  the 
relationship  to  our  industrial  sector,  and  the  interaction 
with  political  decision-making.   By  acting  now  in  some 
specific  areas,  we  can  help  guarantee  that  today's  research 
will  produce  timely  and  tangible  results. 
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Research  needs  in  the  handling,  treatment  and  disposal 
of  liquid  and  solid  wastes  not  conveyed  to  municipal  sewage 
treatment  plants  are  necessarily  as  diverse  as  the  materials 
that  n\a)ce  up  the  waste  streams. 

Future  research  needs  identified  by  the  Ministry  of  the 
Environment  fall  into  one  or  more  of  three  broad  categories: 

Waste  Handling 
Waste  Reduction 
Landfill  Technology 

A  total  of  fifteen  general  Issues  have  been  identified 
within  these  categories. 

it  is  important  that  waste  materials  have  all  pertinent 
characteristics  determined  so  that  the  need  for  treatment, 
the  appropriate  method  of  treatment  and  the  retjuired  degree 
of  treatment  can  be  accurately  identified. 

Having  identified  a  need  for  some  type  and  degree  of 
treatment,  it  has  become  necessary  to  develop  and  demonstrate 
the  appropriate  treatment  methodologies. 

The  best  case  situation  occurs  when  there  is  no  waste  to 
treat.   This  is  an  unrealistic  goal  but  there  is  a  recognized 
need  to  investigate,  develop  and  demonstrate  the  so-called 
"4  R's"  of  waste  management,  the  reduction,  recycling, 
recovery  and  re-use  of  waste  materials. 

Landfill  sites  will  continue  to  be  the  ultimate 
repository  of  residual  wastes,  treated  or  untreated,  and  it 
is  a  requirement  to  investigate,  improve  and  enhance  landfill 
technology  to  ensure  safe  and  aesthetically  acceptable 
disposal  of  the  wastes  that  inevitably  will  occur.   This  has 
been  a  fruitful  field  of  study  in  the  past  but  will  continue 
to  deserve  attention  as  our  understanding  of  waste  materials 
and  behaviour  expands.   The  control  of  contaminant  migration 
from  landfill  sites  and  the  safe  containment  of  potentially 
dangerous  wastes,  including  bio-medical  wastes  and 
Incinerator  ash  requires  study  as  does  site  rehabilitation 
and  remediation  for  existing  sites. 

The  ever  increasing  voluraes  of  wastes  makes  this  a 
challenging  and  rewarding  subject  for  research. 
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INTRODUCTION 

Croundwaler  contamination  is  a  major  problem  in  nearly  all  Industrialized 
countries.  The  problem  has  been  developing  for  many  decades  but  its  exiatettce 
generally  went  unrecognized  prior  to  the  1980's.  Groundwater  in  nearly  all  geo- 
logical deposits  travels  siowly,  less  than  1  m  per  day  and  commonly  less  than  0.1 
m  per  day.  Thus,  contaminants  that  enter  the  groundwater  zone  at  waste  disposal 
sites,  industrial  sites,  gas  stations,  septic  systems  and  a  wide  variety  of  other 
common  contaminant  sources,  normally  take  many  years  or  decades  to  travel  from 
the  source  to  locations  where  they  do  recognizable  harm,  such  as  water-supply 
wells,  springs  or  seepage  zones  feeding  lakes  or  rivers.  It  is  rare  that  groundwater 
contamination  is  discovered  before  harm  occurs,  even  though  the  zone  of  ground- 
water contamination  has  been  expanding  for  a  long  time  prior  to  such  discovery. 

Much  of  what  is  now  known  about  groundwater  contamination  has  been 
learned  during  the  past  10  years.  With  this  new  knowledge,  the  nature  of  the 
groundwater  contamination  problem  has  become  clearer.  The  purpose  of  this 
paper  is  to  briefly  describe  several  major  findings  of  recent  years  with  comments 
on  some  implications  of  these  findings. 
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DISPERSION 

Dtspenioa  U  the  proceu  causing  mixing  of  lolutes  in  the  groundwater  zone. 
In  und  or  gravel  aquifers  where  groundwater  flow  is  primarily  horizontal,  a  zone 
of  contamination  such  as  a  ptume  undergoes  roixii^  with  uncontaminated  water  at 
its  fronts.  This  frontal  mixing  is  referred  to  as  Lor^itudinal  dispersion.  Mixing 
also  occurs  along  the  top  and  bottom  of  the  plume,  referred  to  as  transverse  verti- 
C«l  dispersion,  and  along  the  sides,  referred  to  as  transverse  lateral  dispersion. 
Field  experiments  conducted  in  a  sand  aquifer  at  Canadian  Forces  Base  Borden, 
Ontario,  indicate  thai,  in  this  aquifer,  dispersion  in  the  two  transverse  directions 
la  a  very  weak  process  resulting  in  almost  no  spreading  of  plumes  laterally  or  ver- 
tically in  the  aquifer.  Similar  results  have  been  obtained  from  other  detailed  dis- 
persion studies  in  sandy  aquifers  elsewhere  in  Ontario,  and  on  Cape  Cod,  Massa- 
chusetts. All  of  these  studies  and  less  detailed  but  nevertheless  informative 
dispersion  studies  of  sandy  aquifers  elsewhere  have  provided  results  consistent 
with  the  conclusion  that  dispersion  in  the  transverse  directions  in  sand  and  gravel 
aquifers  Is  very  weak. 

An  implication  of  thLs  conclusion  on  transverse  dispersion  is  that  plumes  of 
contamination  emanating  from  point  sources  of  contamination  such  as  landfills, 
lagoons,  chemical  spills,  leaky  gasoline  tanks  and  septic  systems  will  commonly 
extend  In  the  direction  of  groundwater  flow  as  narrow  discrete  entities  that  follow 
the  groundwater  flow  paths  with  little  lateral  or  vertical  spreading  and  with  con- 
centrations of  some  contaminants  in  the  core  of  the  plume  that  are  not  much 
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diminished  by  mixing.  In  other  words,  for  many  types  of  point  sources  contribut- 
ing persistent  and  hazardous  contaroinants  to  the  groundwater  £Cine,  dilution  in  the 
groundwater  zone  is  generally  not  an  effective  means  ol  rendering  the  contamina- 
tion innocuous  even  at  distances  of  many  kilometres  from  the  source.  Another 
implication  of  the  results  of  dispersion  research  is  that  effective  monitoring  to 
detect  off-site  migration  of  contaminants  is  generally  more  difficult  than  previ- 
ously thought  because,  for  early  detection,  narrow  plumes  require  montloring 
wells  to  be  situated  at  critical  locations  that  cannot  he  reliably  predicted  when 
the  monitoring  system  is  installed  in  the  aquifer. 
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MOLECULAR  DIFFUStON 

Prior  to  several  years  ago,  it  was  commonly  thought  that  contaminants 
could  be  contained  at  waste  disposal  sites  by  lining  the  site  with  a  layer  of  com- 
pacted clay  and  by  coverii^  the  top  of  the  w«st«-fUled  site  with  a  layer  of  com- 
pacted clay.  Compacted,  water-saturated  clay  commonly  has  a  hydraulic  coaduc- 
ttvity  approachli^  10"  cm/s.  Under  a  hydraulic  gradient  of  1,  such  clay  has  an 
average  linear  groundwater  velocity  of  about  1  cm/yr.  ThU  suggests  that  it  would 
take  100  years  tor  relatively  mobile  contaminants  to  pass  through  a  1  metre  thick 
compacted  clay  liner.  When  the  effect  of  molecular  diffusion  is  taken  into 
account,  however,  the  time  for  a  mobile  contaminant  to  pass  through  the  liner  is 
only  about  5  years  for  a  1  m  thick  liner  and  about  7  days  for  a  liner  that  has  a 
thickness  of  O.I  m. 

Foster  (1975)  was  the  first  to  recognize  the  importance  of  the  influence  of 
molecular  diffusion  on  contaminant  migration  in  groundwater  in  low -permeability 
deposits.  Subsequent  to  Foster's  research  in  Britain,  researchers  have  determined 
the  effects  of  molecular  diffusion  on  rates  of  contaminant  migration  in  Ontario 
clays  (Goodall  and  Quigtey,  1977;  Desaulniers  et  al.  1951!  Crooks  and  Quigley, 
1984;  Johnson  et  al.  1988}.  For  water- saturated  clay  to  provide  long-term  con- 
tainment of  many  types  of  contaminants,  the  clay  layer  must  have  a  thickness  of 
many  metres  or  more  and  must  be  devoid  of  open  fractures.  Designers  of  waste- 
disposal  facilities  in  North  America  have  generally  been  slow  to  recognize  the 
influence  of  molecular  diffusion  or  contaminant  migration  in  designs  for  waste- 
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isolation  faculties  which  liners  a«J  caps  ate  used  to  mintmiie  escape  of  contami- 
nants. 
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MOBILrTY  AND  PERSISTENCE  OF  ORGANIC  CONTAMINANTS 
Prior  to  a  decade  or  so  ago,  groundwater  samples  suspected  of  contamina- 
tion were  rarely  analyzed  for  trace-level  orgaidc  compounds.  This  was  the  case 
for  several  reasons,  primary  among  them  being  the  fact  that  the  sophisticated  lab- 
oratory facil>ti«>  necessary  to  do  such  analyses  were  rare  in  water-quality  labora- 
tories in  nearly  all  industrialized  countries.  These  facilities  did  not  come  into  sig- 
nificant use  tn  Canada  until  the  mid-lS80's  and  even  now  only  exist  in  a  few 
provinces. 

Prom  trace-organic  analyses  of  groundwater  done  in  many  countries,  it  is 
DOW  known  that  (I)  that  groundwater  contamination  is  much  more  common  in  most 
industtUUzed  countries,  than  was  previously  suspected  and  (2)  that,  when  ground- 
water is  found  to  be  contaminated  to  a  degree  potentially  harmful  to  the  health  of 
water  users,  it  is  usually  due  to  trace  organic  compounds.  Nearly  all  organic  con- 
tamination of  groundwater  has  originated  since  the  Second  World  War.  In  the 
1950's  the  use  of  petroleum  products  and  halogetiated  organic  liquids  rapidly 
became  commonplace  In  cities,  towns  and  villages. 

The  organic  contaminants  most  frequently  found  In  groundwater  are  listed 
on  Table  1.  Of  these,  the  volatile  orgaMcs  are  the  most  common  because  they  are 
relatively  persistent  and  have  little  affinity  for  adsorption  in  aquifers.  Many  of 
these  compounds  are  carcinogens  and  have  drinking-water  limits  specified  in 
Europe  or  the  United  States  at  the  parts  per  billion  or  tens  of  parts  per  billion  lev- 
el.   Leakage  of  very  little  mass  of  such  compounds  from  waste  storage  or  disposal 
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facilities  or  from  product  storage  containers  at  industrial  sites  can  cause  exten- 
sive contamination  of  aquifers  at  levels  above  such  limits. 

Analysb  of  groundwater  in  Canada  for  the  compounds  listed  on  Table  1  has 
lagged  far  behind  many  Eurojjean  countries  and  the  United  Slates  because  none  of 
these  compounds  are  included  on  the  current  federal  drinking  water  standards 
issued  in  1976,  nor  on  provincial  drinking-water  standards,  with  the  exception  of 
Ontario  where  very  recent  changes  have  included  some  of  them.  As  federal  and 
provincial  drinking  water  standards  or  guidelines  in  Canada  are  brought  more  in 
line  with  the  recognition  of  the  projjensity  for  shallow  groundwater  to  contain 
these  organic  compounds,  we  can  expect  analyses  of  well  waters  in  Canada  to 
include  these  compounds  much  more  frequently. 

The  common  aromatic  hydrocarbons  such  as  beniene,  toluene  and  xylenes, 
derived  from  petroleum  products  often  undergo  fairly  rapid  biodegradation  in 
aerobic  groundwater  zones,  Biodegradation  can  cause  the  conlamin.i tion  to  be 
restricted  to  a  lone  close  to  the  contaminant  source.  Unfortunately,  many  con- 
taminated aquifers  are  anaerobic,  a  condition  that  promotes  the  persistence  and 
therefore  extensive  migration  of  these  compounds. 

The  common  chlorinated  volatile  organics  such  as  telrachloroethylene,  tri- 
chlorocthylene  and  t r ic hi oroe thane  generally  do  not  biodegrade  rapidly  in  aquifers. 
These  compounds  tend  to  slowly  transform  to  less  chlorinated  but  nevertheless 
hazardous  compounds.  In  some  cases  the  transformation  products  are  more  ha7- 
ardous  in  drinking  water  than  the  original  compounds. 
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DENSE  IMMISCIBLE  LIQUIDS 
Many  of  the  chlorinate<l  compounds  on  Table  1  enter  groundwater  as  immu- 
cible  liquids  that  are  more  dense  than  water.  These  oil-like  liquids  then  dissolve 
and  are  transported  by  groundwater  away  from  the  source.  Examples  of  dense 
immiscible  liquids  are  chlorinated  solvents,  creosote,  coal  tar,  and  PCB  liquids. 
Most  common  chlorinated  solvents  are  le^  viscous  than  water  and  with  their  high 
density  flow  quickly  downward  through  permeable  soil  into  shallow  aquifers,  where 
they  can  settle  below  the  water  table  or  top  of  strata  of  low  permeability.  Small 
volumes  of  these  immiscible  liquids  settled  out  in  an  immobile  state  in  an  aquifer 
can  take  a  long  time  to  disappear.  For  decades  or  even  centuries  the  immiscible 
liquid  will  continue  to  dissolve  in  the  aquifer  and  thereby  feed  contaminants  to  the 
flowing  groundwater. 
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SOURCES  OF  CONTAMINATION 

Of  the  many  causes  of  groundwater  contamination,  only  two  will  be  dia- 
cussed  here,  sanitary  landfUls  and  domestic  septic  systems.  Leachate  from  sani- 
tary landfllis  commonly  contains  a  variety  of  mobile  organic  compounds,  including 
many  of  those  listed  on  Table  1.  This  seems  to  be  the  case  even  tor  landfills 
where  disposal  of  hazardous  industrial  wastes  are  prohibited.  The  quantities  of 
industrial  organic  liquids  necessary  to  cause  high  concentrations  In  leachate  are  so 
small  that  prevention  of  their  entry  to  municipal  landfills  is  not  feasible. 

Leachat«  production  in  municipal  landfills  occurs  for  centuries.  In  wet  cli- 
mates such  as  in  Ontario,  the  ability  of  landfUls  after  closure  to  produce  leachate 
containing  hazardous  levels  of  organic  compounds  listed  on  Table  1  is  not  known.  I 
expect  that  the  time  scale  is  many  decades  or  centuries.  With  such  time  scales,  it 
is  reasonable  to  expect  that  many,  if  not  most,  municipal  landfills  in  Ontario  will 
eventually  cause  offsite  migration  of  some  of  the  volatile  organic  compounds  list- 
ed on  Table  1 .  This  statE'ment  is  applicable  even  to  municipal  landfills  of  the  most 
modern  design  if  they  are  situated  on  geologic  deposits  than  are  not  exceptionally 
impervious. 

For  a  domestic  on-site  septic  system  to  be  approved  in  Ontario,  the 
drainbed  and  subsoil  must  provide  sufficient  infiltration  capacity  for  the  subsur- 
face to  accept  all  of  the  effluent  from  the  septic  tank.  In  most  hydrogoolc^ic  set- 
tings in  Ontario,  the  effluent  infiltrates  to  the  water  table  and  then  moves  prima- 
rily laterally  in  the  groundwater  regime. 
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Some  coataminantg,  iDost  notably  sodium,  chloride  and  nitratfl,  can  travel 
lar^e  distances  laterally,  such  as  hundred*  of  metres,  a1  relatively  high  concsntra- 
tlona.  The  drinking  water  limit  for  nitrate  is  45  mg/L  as  NO3.  Research  cotiduct- 
ed  recently  by  the  University  of  Waterloo  indicates  that  nitrate  plumea  from 
single-family  homes  situated  on  sand  or  gravel  deposits  or  on  fractured  bedrock 
can  be  expected  to  cause  off-property  degradation  of  groundwater  quality,  with 
nitrate  levels  generally  above  the  drinking  water  limit.  The  research  has  not  yet 
progressed  to  the  point  where  the  type  and  persistence  of  aromatic  and  chlorinat' 
ed  organic  cootamLnants  in  septic  plumes  can  be  predicted. 

A  septic  system  and  a  tballov/  water  supply  well  serving  the  same  household 
are  common  in  Ontario  and  in  most  parts  of  North  America  even  though  the  dis- 
tance separating  the  two,  which  is  mandated  in  r^ulations,  is  not  adequate  to 
prevent  contamination  of  the  well  by  the  septic  system.  Commercial  chemicals 
commonly  sold  in  Ontario  for  cleaning  of  plumbing  connected  to  the  septic  system 
contain  hazardous  organic  compounds  even  though  such  compounds  may  cause 
severe  groundwater  contamination.  In  some  states  in  the  U.S.A.,  the  sale  of 
Sep  tic -system  plumbing  cleaners  containing  hazardous  organic  chemicals  is 
banned. 
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CONCLUSIONS 
In  the  past  decade  groundwater  research  and  monitoring  of  groundwater 
■applies  in  industrialized  countries  has  shown  that  groundwater  contaniination  is  a 
greater  problem  than  was  previously  thought.  The  most  common  groundwater 
contaminants  capable  of  causing  significant  adverse  health  effects  on  persons  who 
drink  the  water  are  nitrate  and  volatile  organics.  These  and  some  other  contani'- 
nants  in  groundwater  are  commonly  mobile  and  little  attenuated  in  the  groundwa- 
ter because  dilution  (dispersion)  and  adsorption  have  only  minor  influences  and 
biodegradation  is  commonly  ineffective.  The  problem  is  exacerbated  by  the  fact 
that  dense  immiscible  liquids  are  ubiquitous  in  industry.  Many  of  these  liquids 
rapidly  enter  aquifers  if  spilled  or  leaked  on  the  ground  in  even  small  quantities. 
Groundwater  contamination  is  caused  by  chemicals  entering  the  groundwater  zone 
from  many  types  of  sources.  Some  causes  are  accidental;  others  are  the  normal 
product  of  the  generally-accepted  design  of  the  system,  such  as  municipal  landfills 
and  on-site  septic  systems.  Monitoring  of  volatile  organic  compounds  in  ground- 
water is  in  an  early  stage  in  Canada.  The  true  nature  of  groundwater  contamina- 
tion in  Canada  will  become  more  evident  as  such  monitoring  becomes  more  wide- 
spread and  frequent,  as  it  already  has  in  the  United  States  and  some  European 
countries. 
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Toble  I:  List  of  trace  organic  compounds  most  frequently  found  in  contami- 

nated groundwater 


Volatile  Orgtmica 

Beniene 

Etiiyl  benzene 

Toluene 

Xylenes 

Carbon  tetrachloride 

Chloroform 

Dichloromethane 

1,1,1  -Trichloro*  thane 
1,2  Dichloroethane 
1, 1 -Dichlotoethane 
Chloroethane 

Tetrachloroethylene 
Ttichloroethylene 
Trans- t,2-dichloroethylene 
1 , 1  -Dichloroethylene 


Chlorobenzene 

Dichlorobenzenes  {1,2-,  1,3-  and  1,4-  isomers) 

Phenols 

Total  Phenols 

Cresols  (Z-methyl,  3-methyl  and  4-methyl  isomers) 

Pentachlorophenol 

Phenol 

PoI)Tiuclear  Aromatic  Hydrocarbona 

Naphthalene 
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IMMISCIBLE  LIQUIDS  AND  VAPOURS  IN  SOIL: 
RECENT  EXPERIHENTS  ON  TRANSPORT  AND  CONTROL 

G.  Farquhar,  R.  Benson,  R.  Kell, 
t.    HcBean,  B.  Stickney  and  D.  Facrish 

D«parciieot  of  Civil  Engln*erlng 

University  of  Waterloo 

Waterloo.  Ontario,  N2L  3G1 


This  paper  provides  a  sunnary  of  some  recent  results  from  an  fin- 
going  rasearch  programnie  studying  the  transport  and  control  of  hazardous 
inmiscible  liquids  and  their  vapours  In  soil  environiients .  Results  ere 
presented  on  the  transport  of  pentane  vapours  from  tvo  different  liquid 
source  configurations  within  a  long,  thin  chamber  containing  dry  sand. 
The  results  were  then  successfully  simulated  using  a  two-dinonslonal 
oatheiaatlcal  nass  transport  model  and  these  slmulHCions  are  shown 
graphically.  The  paper  also  provides  preliminary  results  from 
laboratory  scale  experiments  examining  air  venting  as  a  means  of 
reooving  volatile  solvents  from  soil.  One  such  experiment  involves  an 
air  purgf  of  50  cm  of  sand  with  the  lower  quarter  of  the  column 
containing  hexane  at  residual  saturation.  The  results  show  an  increase 
In  hexane  content  of  the  exhaust  gas  to  near  ambient  vapour  pressure  and 
then  a  decrease  as  the  liquid  in  the  soil  reaches  depletion.  A  mass 
balance  showed  a  nearly  complete  recovery  of  the  hexane .  Subsequent 
experiments  have  studied  the  impact:  of  air  flow  rate,  source  geometry 
and  air  flow  configuration  on  recovery  efficiency.  Experimental  work 
has  also  been  done  to  examine  vapour  adsorption  on  soil  and  recent 
results  are  presented, 

IHTRQDUCTIOH 

This  paper  presents  some  recent  results  of  studies  on  the  beliavlor 
of  immiscible  liquids  and  their  vapours  In  soil .  This  is  part  of  a 
resenrch  programme  that  has  been  underway  for  the  past  four  and  one-half 
years  at  the  University  of  Waterloo  In  the  Department  of  Civil 
Engineering.  The  work  has  been  jointly  supported  by  the  Ontario 
Ministry  of  the  Environment  (Project  No.  BS^tPL)  and  the  Natural  Sciences 
and  Engineering  Research  Council  (NSERC) . 

While  both  liquid  and  vapour  behavior  are  being  exanlned  as  a  part 
of  the  research  programme,  this  paper  deals  primarily  with  recent  vapour 
Investigations.   Three  distinct  topics  are  addressed. 

1.  Testing  the  suitability  of  a  previously  developed  vapour 
transport  model  to  simulate  laboratory  experimental  results  on 
hazardous  vapour  movement  in  soil. 

2.  The  design  and  use  of  experiments  to  study  the  adsorption  of 
vapours  onto  soil. 
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3.  Expetinents  to  Invesclgate  the  parameters  which  affect  the 
design  and  perfornkance  of  forced  air  venting  systems  to  renovc 
volatile  organic  solvents  froa  soil. 

The  equipment  and  expeTlnental  results  for  topic  1.  have  been 
described  previously  (Farquhar  ££  a1. ,  1987).  The  aod^l  simulations  and 
all  of  the  Infomation  presented  on  topics  2.  and  3.  have  however  not 
been  presented  prior  to  this. 

SIHUIATIOK  OF  EXPERIMENTS  OS  VAPOUR  TRAKSPORT  IN  SOIL 

Tvo  cypfls  of  experiments  vere  completed  in  the  study  of  vapour 
transport  through  soil;  one  involving  a  vertical  column  of  soil.  7.0  cm 
In  diameter  and  36.0  cm  long  and  the  other  using  a  rectangular  flux 
chamber,  3.7  m  long,  1,2  m  high  and  0.15  a  wide.  These  pieces  of 
equipment,  shovn  in  Figures  1  and  2  respectively,  and  their  operation 
have  been  described  in  detail  elsewhere  (Farquhar,  k£  a1.  ,  1987)  and 
only  a  brief  sumiary  is  given  here.  It  was  possible  with  the  coluun  to 
add  a  vapour  source  to  either  the  top  (headspace)  or  Che  bottom 
(foot space)  of  the  column  and  then  to  observe  Its  movement  through  the 
soil  sample  by  means  of  vapour  extraction  at  the  sampling  ports. 
Pressure  measurements  across  the  soil  column  were  also  taken.  Soils 
Included  dry  sands  (moisture  content  <  It  w/w]  and  methane  as  a  gas  and 
pentane.  hexane  and  acetone  SB  vapours  from  liquid  sources  were  used. 
The  duration  of  the  experiaents  ranged  up  to  93  hours. 

The  same  soils  and  vapours  were  also  used  in  the  rectangular  flux 
chamber.  It  was  possible  to  Introduce  vapours  at  the  base  of  the 
chamber  to  simulate  vapour  movement  away  from  a  pool  of  solvent  perhaps 
lying  on  the  zone  of  saturation.  The  apparatus  for  generating  a  bottom 
vapour  source  consisted  of  s  prismatically  shaped  tray  In  which  variable 
liquid  surface  areas  could  be  maintained.  Vapours  moved  upward  from  the 
tray  through  a  stainless  steel  screen  and  into  the  soil.  A  second 
device  was  used  to  simulate  a  liquid  vapour  source  suspended  above  the 
zone  of  saturation.  This  Involved  an  external  flask  containing  liquid 
connected  to  a  perforated  teflon  tube  Inside  the  chamber.  Vapour 
produced  In  the  flask  aoved  through  the  pipe  and  into  the  chamber . 
Vapour  transport  throughout  the  chamber  was  detected  with  the  use  of 
■yringes  inserted  at  the  sampling  ports  shown  on  Figure  2,  Gas 
chromatography  served  to  quantify  vapour  concentrations  in  the  samples 
collected. 

nie  data  collection  prograone  encoapassed  over  30  experiments  in 
which  vapour  transport  away  from  the  source  was  measured,  Transport 
model  slaulations  were  performed  on  several  of  these  and  samples  of 
these  simulations  comprise  a  part  of  this  paper. 

I.   The  Vapour  Transport  Model 

The  vapour  transport  model  (AD2D>  used  in  these  sinulatlons  Is  an 
adaptation  of  an  aarlier  model  developed  as  s  part  of  this  research 
programme  (Allan  ££  ai  -  1985).  The  model  solves  equations  for  fluid 
flow  through  porous  media  In  two  dimensions  based  on  the  principles 
KSCabllahed  by  Bear  (1972)  with  vapour  concentrations  expressed  on  a 
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■ol*r  basis.  Density  driven  flow  resulting  from  body  forces,  diffusion 
aa  well  as  pressure  gradient  flow,  variability  In  soil  type  and  s<^il 
Itoisture  content  and  reactions  between  soil  and  vapour  are  all  features 
which  have  been  incorporated  Into  the  aodel .  Either  concentration 
sppcif led  (Dlrichlet)  or  flux  specified  <Cauchy>  conditions  can  be 
specified  at  the  soil  boundaries.  Solution  to  the  partial  differential 
equations  is  achieved  through  the  use  of  finite  element  methods  and.  In 
paiticular,  the  Calerkin  Hethod  of  Weighted  Residuals. 

The  original  nodel  was  adjusted  by  Kell  (1988)  for  execution  on  a 
personal  computer  (IBM  PC  compatible)  with  360  k  memory.  It  was  revised 
to  accommodate  transient  pressure  distributions  to  account  for  density 
dependent  flow  and  was  used  in  this  form  for  all  simulations. 

2.   Simulation  of  Experiment  Results 

The  data  on  soil  and  vapour  properties  used  In  the  slniulations  are 
summarized  in  Table  1 ,  Finite  element  size  and  shape  and  time  steps 
used  are  described  elsewhere  (Kell,  19B8) . 

2.1   Column  Experiment  Slmuli^l;^?!) 

The  information  in  Figure  3  Involves  the  downward  transport  of 
acetone  vapours  through  a  vertical  column  of  sand  from  a  liquid  source 
in  the  headspace.  The  average  acetone  vapour  concentration  at  the 
source  (C,^)  was  15.1%  v/v.  The  upper  portion  of  the  figure  shows  actual 
data  collected  at  Che  sonpling  ports  after  25,  45,  100  and  200  ttinutes. 
The  nonlinear  shapes  of  the  curves  are  consistent  with  transport  induced 
by  both  diffusion  and  density  driven  flow.  The  density  of  acetone  Is 
greater  than  that  of  air  and  thus  a  downward  force  was  operative , 
Diffusion  only,  as  seen  with  the  experiments  on  the  downward  transport 
of  methane  (lighter  than  air),  produced  linear  relationships  on  similar 
plots  (Farquhar.  fii  ftl. .  1987). 

The  lower  portion  of  the  curve  shows  AD2D  model  simulations  of  the 
actual  data  coeasured  at  200  minutes.  The  siraulatlon  with  only  diffusion 
and  body  force  induced  transport  with  Dirichlet  boundaries  at  both  the 
top  and  bottom  of  the  column  did  not  fit  the  data  well.  The  fit  was 
improved  with  the  inclusion  of  a  source  pressure  (dP)  -  5.0  Pa  (pressure 
gradient  of  13.3  Pa.m'  ).  This  is  a  very  small  pressure  gradient  and 
not  detectable  with  the  manometers  in  use  at  Che  time  oE 
experloentation.  Although  the  source  headspace  was  open  to  the 
atmosphere  through  2-10  cm  orifices,  some  pressure  buildup  due  to 
acetone  volatilization  could  be  expected.  More  recent  experiments  using 
a  pressure  transducer  did  detect  small  pressure  accumulations  in  the 
range  from  5  to  10  Pa. 

A  sampling  port  located  at  the  bottom  of  the  column  between  the 
sand  and  Che  supporting  screen  yielded  acetone  vapour  concentrations  on 
the  order  of  H  v/v  as  opposed  to  the  0%  v/v  concentration  Dirichlet 
boundary  condition  assumed  in  the  simulation.  Thus  a  Cauchy  flux 
boundary  appeared  to  exist  at  this  outlet  point  of  Che  column.  Although 
the  AD2D  model  can  accept  a  Cauchy  flux  boundary  at  the  outlet ,  there 
were  no  iwans  available  at  the  tioe  to  quantify  this  flux. 
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Experlaenc«l  results  and  their  slnulatlon  are  shown  In  ■  similar 
way  on  Figure  A  for  the  upward  transport  of  acetone  froa  a  botton  liquid 
source .  Early  In  the  experiment  (at  2b  and  43  ainutes)  the  nonlinear 
nature  of  the  transport  Is  quite  evident.  Because  acetone  vapour  is 
heavier  than  air,  it  is  accumilating  aore  In  the  lower  portion  of  the 
soil  and  Is  moving  upward  by  diffusion  and  posalbly  due  to  a  small 
pressure  gradient.  As  shown  in  the  lower  set  of  curves  simulating  the 
vapour  position  after  200  minutes,  the  additloo  of  a  fi  P  -  5  Pa  improved 
Che  simulations  greatly  although  this  pressure  head  was  below  the 
detection  limits  of  the  equipment  used. 

In  general,  the  ability  of  Che  model  to  simulate  the  one - 
dimensional  column  experimental  data,  given  the  inconsistencies  in  the 
input  information  noted  above,  was  quite  good.  This  also  proved  to  be 
the  case  for  other  sand  column  experiments  performed  using  methane  and 
pentane  as  migrating  vapours. 

2.2     Two  Dimensional  Vapour  Flspi  (^aftber  Expe^t^icntp 

Acetone   as   a   Bottom  V»pom:   Sg^T^P 

Tha  information  presented  In  Figure  3  shows  exparlnencal  data  and 
transport  model  aimulations  for  acetone  vapour  movement  in  the  two- 
dimensional  flux  chamber.  The  acetone  source  was  a  pool  of  liquid 
located  beneath  the  soil  at  the  midpoint  of  the  chamber  bottom.  The 
sides  and  ends  of  Che  chamber  were  sealed  while  the  top  of  the  soil  was 
open  to  allow  vapour  discharge.  The  data  are  presented  as  vapour 
concentrations  In  alt  as  t  v/v  e»anatlng  upward  from  the  7*  v/v  vapour 
source.  The  concentration  contours  were  found  to  be  symmetrical  about 
Che  centreline  of  the  box  and  thus  only  one -half  of  the  contours  are 
chown  from  the  source  co  one  end  of  the 


The    upper     figure    presents    the    experlmeirtal     data    at    95    hours    and 

demonstrates  that  the  acetone  vapours  had  moved  upward  and  outward  from 
the  source  toward  the  open  top  surface .  Concentration  contours  range 
from  0,5  to  2.5%  v/v  and  have  shapes  that  ate  consistent  with 
dlffusional  transport.  The  low  slopes  of  the  contours  Imply  lateral 
movement  due  to  body  forces  acting  on  a  heavier  vapour.  No  pressure 
build-up  was  detected  at  the  source  as  the  vapour  moved  outward  Into  the 
air   filled   soil   pores. 

The  lower  figure  shows  the  transport  model  simulations  after  95 
hours  of  experiment  time.  The  simulated  vapour  concentration  contours 
have  the  proper  shape  but  tend  co  exceed  the  measured  data  at  all 
concent rat  ions .  The  simulations  were  carried  out  with  Dl rich let 
boundary  at  the  source  and  a  Csuchy  boundary  using  a  radiation  condition 
at  the  open  surface .  Al  1  input  parameters  were  meaaured  or  estimated 
and  no  curve  fitting  was  done.  As  a  consequence,  Che  transport  model 
simulations   were    thought    to   be    raasonabl^  S''°'^- 

Pentane    as   a   gottom   So^^gf 

Experiments  Identical  to  those  using  liquid  acetone  as  a  bottom 
vapour    aource    ware    performad    wtch    liquid    pencane .        Examples    of    the 
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experlnentsl  results  obtained  are  presented  In  Flgurss  6  and  7  for  24 
ord  71  hours  of  transport  respectively.  The  upper  portions  of  Figures  6 
and  7  show  the  experinenial  data  collected  as  concentration  (»  v/v) 
contours .  The  progress  of  Che  heaviet  pentane  vapours  moving  through 
the  previously  air- filled  soil  pores  is  shovn  by  comparing  the  t«o 
figures .  From  Z4  to  72  hours,  the  contours  have  moved  laterally  and 
upward  from  the  18%  v/v  vapour  source  to«ard  the  open  surface  consistent 
with  the  diffusion  of  a  heavier  vapour.  Lateral  Migration  is  shown  to 
have  occurred  toward  the  sealed  boundary  at  the  left  edge  of  the  graph. 
Extensive  lateral  migration  would  be  expected  under  certain  field 
conditions. 

The  simulations  performed  et  the  two  tines  are  shown  In  the  lower 
portion  of  the  figures  and  are  seen  to  be  excellent ,  Once  again,  the 
simulations  were  performed  with  measured  or  estimated  data  and  no  curve 
fitting  to  the  experimental  data  was  perfomed.  The  transport  model  was 
judged  to  function  extremely  well  in  this  case. 

Fentane  as  a  Suspended  Source 

The  2'D  flux  chamber  was  also  used  to  simulate  field  situations 
whore  solvents  have  been  spilled  and  remain  as  interstitial  fluid  within 
the  vadose  zone.  This  can  then  serve  as  a  source  for  subsequent  vapour 
transport.  To  accomplish  this,  a  source  of  pentane  vapour  (11*  v/v)  was 
introduced  at  the  centreline  of  the  chamber  and  0.75  m  above  the  bottom. 
The  movement  of  vapours  away  from  the  source  was  then  tracked  and  is 
represented  in  Figures  8  and  9  for  12  and  72  hours  respectively.  The 
vapours  are  shown  to  have  moved  outward  radially  from  the  source  with 
increased  transport  down  and  then  outward.  This  is  consistent  with  the 
diffusional  together  with  the  body  force  driven  flow  of  a  heavier- than- 
air  vapour  such  as  pentane.  The  progress  of  the  vapours  is  seen  through 
comparisons  of  the  two  figures ,  The  vapours  are  being  vented  at  the 
open  top  surface  and  excluded  at  the  sealed  left-hand  boundary.  The 
results  confirm  that  such  sitoations  in  the  field  could  produce  vapours 
at  depths  much  greater  than  the  actual  spill  location.  These  vapours 
could.  In  turn,  then  contaminate  the  groundwater  through  dissolution. 

The  transport  model  slniulations  performed  for  the  two  times  are 
shown  in  the  lower  portions  of  the  figures.  These  are  seen  to  be 
excellent  without  the  aid  of  curve  fitting. 

2.3  Conment 

The  experiments  performed,  a  sample  of  which  have  been  presented 
here .  have  demonstrated  some  iaportant  trends  in  vapour  transport  in 
soil.  Ill  particular,  these  relate  to  the  relative  impact  of  diffusional 
flow  along  concentration  gradients ,  advectlve  flow  along  pressure 
gradients  and  vertical  flow  due  to  body  forces .  The  resul  ts  are  of 
value  in  spite  of  the  specialized  conditions  of  the  work  such  as 
laboratory  scale,  single  soil  types,  low  soil  moisture  concents  and 
single  vapours . 

The  research  has  also  shown  that  the  2  - D  vapour  transport  model , 
ADZD,   Is  capable  of  producing  excellent  slaulations  of  experimental 
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results.     The   succbbs  of   ch«   ilaulatlons   appaar   to  be  mott  dependent   on 
the    quality    of     the     Input     Info  mat  Ion     than     on     the     nodel     and     its 

structure. 

EXPSRjHEHXS  TQ  £SHHATE  THE  ADSORFTION  OF  VAPOtfltS   OMTQ   SOIL 

Part  of  this  rsEearch  effort  was  conaltted  to  developing  nethoda 
and  Chen  using  then  to  quantify  the  adsorption  of  vapours  onto  soil. 
The  transport  model  AD2D  has  the  capability  of  including  vapour 
adsorption  during  transport  but  little  data  were  available  at  the  tine 
of   the   study   to   allow   Inclusion   of   this   process. 

A  method  was  developed  baaed  on  the  work  of  Thlbodesux  (196't)  and 
used  for  several  adsorption  experlnenti  involving  three  soils,  «  clay,  a 
well -graded  sand  and  a  poorly -graded  Ottsva  sand  and  several  vapours 
including  pencane.    acetone   and   trlchloroechylene    (TCE) . 

The  apparatus  uaed  and  shown  In  Figure  10  consisted  of  a  21  .it  L 
sealed  glass  desslcator  fitted  with  a  pressure  release  valve  connected 
Co  a  water  seal.  Saisples  of  soil  were  added  to  30  ml  jars  and  the  Jars 
plus  soil  were  then  weighed  and  placed  Into  the  desslcator.  Various 
volunes  of  liquid  contaminant  were  placed  In  the  botCoo  of  the 
desslcator  and  the  top  of  the  desslcator  was  Chen  sealed  In  place.  The 
vapour  concenCration  produced  depended  upon  the  volume  of  liquid  added 
as  did  the  pressure  build-up  in  Che  desslcator.  The  vapour  was  allowed 
to  bo  in  contact  wich  the  soil  for  24  hours  and  cha  residual  vapour 
concentration  was  then  determined  through  extraction  at  the  sampling 
port  The  desslcator  was  opened  and  the  sample  Jars  then  sealed  and 
weighed  to  determine  Increased  welghc  due  Co  vapour  adsorption . 
Concrols  using  soil -free  jars  were  run  to  account  for  adsorption  onto 
the  glass.  Tests  were  perfomed  to  quantify  the  cine  needed  for 
equilibrium  to  be  reached,  the  effect  of  mixing  the  soil  and  the  extent 
of  desorptlon  under  acnospherlc  conditions 

The  results  of  the  work  were  expressed  as  adsorption  Isotherms; 
mass  of  concanlnanc  adsorbed  (q)  In  g  of  contaminant  per  100  g  soil 
plotted  against  equilibrium  vapour  phase  concenCraClon  (c)  in  t  v/v.  An 
example  of  the  results  obtained  is  found  in  Figure  11  showing  Freundllch 
Isotherms  for  acetone  adsorbed  onto  sand  <0.9%  H2O  w/w)  and  clay  (O.lt 
H2O  w/w) .  The  saturated  acetone  vapour  concentration  In  «Ir  was 
esclmaced  to  be  approximately  26%  v/v  at  Che  average  experimental 
temperature   of   approximately   22°   C. 

The  data  In  Figure  11  show  that  much  more  acetone  was  adsorbed  ontc 
the  clay  soil  than  onto  the  sand.  The  data  follow  the  Feundlich  form 
until  a  vapour  concentration  of  approximately  1S%  V/V  or  about  701  of 
the  vapour  saturation  in  air .  At  this  point,  the  apparent  adsorption 
Increased  dramaClcally  and  this  was  found  co  be  the  case  In  all  of  the 
experlmenCs  run.  The  reason  for  this  substantial  Increase  Is  not  known 
but  It  was  speculated  that  vapour  condensation  was  beginning  to  occur  on 
the  soil  and  that  this.  In  turn,  made  it  seen  that  the  mass  adsorbed  was 
increasing. 

Since  the    soils  were  extremely  dry,    the  concasinaxit   removal    in  the 
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Preiindllch  section  of  eh«  curve  msk  attributed  to  adsorption,  the 
dissolution   into   pore   water   having  been   eliminated. 

Similar  results  were  obtained  for  other  volatile  chemicals  and 
those  for  TCE  are  shown  In  Figure  12. 

The  results  obtained  from  these  experlnents  showed  that  adsorption 
of   the    chemicals   used    Iti   the   vapour    transport   experiments    through    sand 

«as  negligible.  The  adsorption  component  of  the  AD2D  transport  model 
was  therefore  not  used  In  the  simulations  discussed  In  the  previous 
section.  Adsorption  onto  clay  soils  was  however  nore  significant  and 
thus,  the  Isotherms  produced  will  be  of  use  In  simulations  involving 
these    soils . 

Further  studies  will  be  performed  with  wet  soils  and  the  results 
compared     to     those     of     the     current      investigation  The     separate 

quantification  of   dissolution   and   adsorption   should  be  possible. 

EXPERIIjRiTS  OH  THE  USE  PF  FORCED  AIR  VENTING  TO  REMOVE  VOLATILE  0RCAMC5 
raOM   SOIL 

Forced  sir  venting  is  an  Important  means  for  the  removal  of 
volatile  organic  liquids  from  soil  either  within  the  vadose  zone  or  as  a 
pool  on  top  of  the  zone  of  saturation.  There  ate  frequent  references  in 
the  literature  to  the  use  of  forced  sir  venting  the  field  but  little 
Information   is   available   on   the    fundamental   processes    involved; 

1.         The    range   of   air   flow   rates   possible. 

7.         The   effect   of   spill    shape   and   geometry   on   recovery   efficiency. 

3.  The    impact    of    soil    type,     stratification    and    moisture    content 
on  recovery  efficiency. 

4.  The  extent  of  contaminant  recovery  possible. 

As   a   result ,    this    laboratory   scale   research  project   was   undertaken 

to  examine  some  of  these  fundamental  concerns  and  co  assist  the 
predictability  of  system  performance.  The  work  is  still  in  progress  but 
some  preliminary  results  are  available  and  these  are  presented 
subsequently.  The  work  plan  calls  for  the  following  experimental 
components : 

1.  One-dimensional  columns  «nd  2-D  flux   chamber    experiments    with 
equipment   similar    to    that   used   in   the   vapour   transport   work. 

2.  Varying   sizes   and   shapes   of      "spills' 

3.  Air   fluK  rates  ranging  up  to  4  L.cm"^,   hr" 
I*.         Soils    ranging   from   coarse   sand   to   sandy   silt. 

5.  Soil   moisture   contents    ranging    from   dry    (    1%   H,    w/w)    to    field 
capacity . 

6.  Two   chemicals,    hexane   and  TCE. 

To     this     point      in     the     research,      several     experiments     have     been 

performed  using  a  1-D  coluan  {60  cm  long,  10  c»  diameter),  dry  sand  (K  - 
10  cm.s'  ]  and  hexsne .  Two  rotometers  one  on  the  air  intake  and  the 
other  on  the  exhaust  gas  stream  were  used  to  measure  gas  flow  rates 
while    a    pressure    transducer    detected    pressure    differences    across     the 
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■oil  column.   Tvo  different  nethods  wer«  used  to    introduce  hexane  into 
Che  column. 

1.  Heaane  Residual  In  Soil  at  the  Column  Base 

Kexsne  vas  Introduced  Into  Che  bottom  of  the  sand  column  to  a 
height  of  approximately  l^i  cm  and  then  allowed  Co  drain  leaving  a 
residual  of  liquid  within  the  soil .  The  column  had  been  weighed 
previously  and  uas  then  weighed  subsequently  to  determine  the  amount  of 
hexane  renalning  In  the  soil.  An  Blr  flow  rate  of  1.32  L.ca'  .  hr"  was 
Introduced  Into  the  base  of  the  column  and  the  exhaust  gas  flow  rate  and 
hexane  concentrations  uere  measured.  The  data  presented  in  Figure  13 
were  collected  and  show  that  the  saturated  concentration  of  hexane 
vapour  in  air  (191  v/v)  was  reached  in  the  exhaust  gas  In  about  iO 
■inutes.  IC  remained  at  that  value  until  approximately  60  ainutes  at 
which  time  the  concentration  reduced  quickly  to  near  zero.  Subsequent 
weighing  confirmed  that  nearly  100%  of  the  hexane  had  been  recovered, 

Because  of  the  vapourisation  of  liquid  hexane,  the  exhaust  gas  flow 
rate  was  significantly  greater  than  Che  inlet  air  flow  rate.  The 
pressure  drop  across  the  column  reduced  from  approximately  1 , 3  kPs  at 
the  start  to  1,3  kPa  at  the  end  due  likely  to  che  Increased  gas 
conductivity  as  the  liquid  hexane  was  removed  from  the  soil  pores. 

In  a  BubsDquenc  experiment,  the  air  flow  rate  was  reduced  by  one- 
half  to  0.66  L.cm'  .  hr  .  The  exhaust  gas  vapour  concentration  reached 
saturation  at  about  che  same  time  but  reinalned  there  for  twice  as  long 
as  the  previous  experiment  and  then  dropped  Co  lero  abruptly. 

The  trend  observed  in  this  experlaent  where  the  exhaust  vapour 
concentration  builds  up  to  saturation  and  stays  there  until  depletion. 
Is  consistent  with  expectations  In  the  design  of  field  syscems.  In 
these  experiments  all  Che  air  supplied  passed  through  che  zone  of 
contamination.  In  many  field  cases,  however,  it  is  likely  that  e 
Bubacantial  portion  of  che  induced  air  flow  will  by -pass  che  Eone  of 
contamination.  In  these  cases,  it  Is  therefore  not  possible  to  predict 
the  exhaust  gas  vapour  concentration,  che  time  required  co  vent  Che  zone 
«nd  the  recovery  efficiency. 

2.  Hexane  Residual  as  a  Cylindrical  Slug  Within  the  Soil 

In  these  experiments,  hexane  was  Introduced  into  the  column  through 
B  smaller  diameter  brass  cube  and  allowed  to  drain  creating  a 
cylindrical  slug  of  hexane  with  che  soil.  The  cylinder  was  weighed  to 
determine  Che  mass  of  hexane  remaining.  Forced  air  was  then  passed 
upward  through  Che  column  in  a  direcCion  along  Che  axis  of  Che  slug  (and 
the  column) .  Inlet  and  outlet  gas  flow  rates  and  pressure  dlf farantials 
across  Che  column  were  measured. 

The  results  of  five  experlnencs  are  shown  In  Figures  I''  and  15. 
The  mass  of  hexane  In  Che  experiments  was  20.  10  or  iO  g  ■"<*  ^^^  inlet 
air  flow  rate  uas  0.7S  or  lb  L.cn.  hr.  In  these  experlaencs ,  the 
total  InleC  air  flow  did  not  pass  through  the  zone  of  contamination  and, 
as  was  expected.  Che  exhaust  gas  was  not  saturated  with  hexane. 
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Tfie  data  in  Figure  l^i  also  show  that  the  exhaust  gas  concetitration 
depends  on  both  the  mass  of  hexane  present  in  the  soli  and  the  air  flux 
rate.  The  highest  concent cat ions  occurred  with  the  highest  initial 
liquid  hexane  concentration  {hO  g)  and  the  lowest  air  flux  rate  (0.75 
L.cB  .  hr  ) .  Conversely,  Che  lowest  concentration  occurred  with  the 
lowest  initial  liquid  hexane  concentration  {30  g)  and  the  highest  air 

flux  rate  (1.50  L.cn'V  hr'^).  However,  the  time  required  to  strip  the 
hexane  conpletely  reduced  with  increased  atr  flux  rate. 

Figure  15  shows  that  the  rate  of  hexane  removal  increased  with 
Increased  air  flux  rate  and  was  independent  of  initial  hexane 
concentration  at  the  30  and  40  g  levels.  At  the  20  g  Initial  hexane 
level  but  at  an  equivalent  air  flux  rate,  the  rate  of  hexane  renoval 
bBcame  dependent  upon  the  initial  hexane  level. 

In  all  experiments,  in  excess  of  95»  recovery  of  hexane  was 
experienced . 

3     Cymmeiit 

The  results  of  the  forced  air  vanting  experiments  are  only 
preliminary  but  certain  important  trends  are  evident  at  this  time.  The 
most:  intportant  is  that  the  assumption  of  saturated  vapour  concentrations 
in  the  exhaust  gas  at  a  sice  where  forced  air  venting  is  used  is  not 
justified  unless  all  the  air  passes  through  the  zone  of  contamination. 
This  iB  unlikely  to  be  the  case  in  nost  field  applications.  The  results 
to  date  have  also  shokm  that  the  exhaust  gas  vapour  concencracton  and 
the  time  to  achieve  complete  removal  depend  heavily  on  the  air  flow 
race,  the  mass  of  contaminant  spilled  and  the  geometry  of  the  spill.  It 
is  anticipated  that  further  experimentation  will  allow  these 
dependencies    Co  be   quantified   for   use    In   systeni  design. 
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Table  1     Vapour  and  Soil  FarioMtscs  liaad  In  Siaulacion* 


VlscoBUl.B    (li.    Pa.S) 
Ma  thane 
1.05x10"* 


Pantane 
6.7x10"* 


Act  tone 
7. 3x10'* 


1.8x10 


-5 


Effactlva   DlffuHlon   Coafflc tents    (D        m.^   e"!) 


Methane 

1.7x10"- 


7,1x10'* 


Ace  tone 
1,3x10"^ 


Soli  Properties   fUnlform  Sapt)) 


e     (air  filled  porosity)  -     0.35 

K^  and  K       (incrinslc  permeablliCy)  -  1.A5  x  10 
M      (nolsture   content)    <   1%   v/v 


■11  -2 
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FICURE  CAPTIONS 
figure  Ho.  Caption 

1  1-D  vapour  flux  coluom  wich  source  space  at  the  top 
and  bo c ton 

2  Z-D  vapour  flux  chamber  with  source  additions  at  tha 
or  suspended  In  the  soil 

3  Downward  flux  of  acetone  vapours  through  dry  sand:  upper, 
experimental  data ;    lower .  simulations 

4  Upward  flux  of  acetone  vapours  through  dry  sand:   upper, 
axperlncncal  data;  lower,  Blmulatlons 

5  Acetone  vapour  flux  In  2-D  chamber  from  bottom  soutce 
after  9i  hours:   upper,  data:  lower,  simulations 

6  PenCane  vapour'  flux  In  2-D  chamber  from  bottom  source 
after  2h   hours:   upper,  data;  lower,  simulations 

7  Pentane  vapour  flux  in  2-D  chamber  from  bottom  sources 
after  72  hours;   upper,  data;  lower,  simulations 

8  Pentana  vapour  flux  In  2-D  chanber  from  suspended  source 
after  12  hours:   upper,  data;  lower,  simulations 

9  Fantane  vapour  flux  in  2-D  chamber  from  suspended  source 
after  72  hours:   upper,  data;  lower,  simulations 

^0  Apparatus  used  to  measure  vapour  adsorption  onto  soil 

11  Isotherms  for  acetone  adsorption  onto  dry  clay  and  sand 
soils 

12  Isotherms  for  crichloroethylene  (TCE)  onto  dry  soils 

13  Hexane  vapour  concentrations  in  gas  exhausted  from  soil 
during  l-D  forced  air  venting  experiments;   source  as 
residual  hexane  across  the  base  of  the  soil 

14  Hexane  vapour  concentrations  in  gas  exhausted  from  soil 
during  1-D  forced  air  venting  experiments:   source  as 
residual  hexane  in  a  slug  within  the  column 

13  Cumulative  mass  of  hexane  exhausted  from  1-D  forced  air 

venting  experiments:   source  as  residual  hexane  In  a  slug 
within  the  column 
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DETERMINATION  OF  FREUNDLICH  CONSTANTS 
FOR  ACETONE  ADSORBING  ONTO  TWO  SOILS 
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DETERMINATION  OF  FREUNDLICH  CONSTANTS 
FOR  TCE  ADSORBING  ONTO  CLAY 
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EFFECTS  OF   INCREASINO  AldVrS  OF  NON-PCS^Ui  CRGANIC  LIQUIDS 

IN  DCIC9TIC  HASTB  IfACHATB  ON  THE  HYERAULIC  CXMXXTnVTTy 
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ABSTRACT 

The  reaults  of  a  three-year  research  study  of  the  effects  of  orsanic 
liquids  an  the  intearity  of  southern  Ontario  clayey  soils  used  as  barriers 
below  sanitary  landfills  are  sinmariaed.     Conc«itrat«i  organio  solvents 
(>  70%]   such  as  dioxane  and  ethanol  produce  spectacular   (up  to  1000-fold) 
Increases  in  the  hydraulic  conductivity  of  clayB  at  lo«  effective 
stresaea.      Below  70X  concentration,    the  viscosity  of  leachates  containing 
dioxane  or  ethanol  doubles  or  evwi  triples  that  of  normal  learfiata, 
resulting  in  significant  decreases   in  k.     At  the  higher  ooncentrationa, 
entry  of  the  low  dielectric  constant  organic  liquids  into  the  double 
layers  causes  their  ccvitractim  and  an  increase  in  free  pore  apace  at 
constant  void  ratio  that  overuhelms  any  viscosity  effects. 

Teats  run  at  vertical  effective  stresees  of  0,    40,   80  and  160  kfti 
show  that  the  presence  of  effective  stresses  on  the  samples  during 
permeation  greatly  reduces,    or  even  prevents,    the  above  noted  Increases 
in  k  for  a'    =  0,      For  ail   ethanol/leachate  mixtures  application  of 
a'    =  40  kPA  prevwited  any  increase  in  k.     For  hi^  concentratlMis  of 
dioxane   in  leaahate,   hcrwever,   imich  higher  stresses  are  required. 
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Effective  stress  applic«tioci  subeequent  to  the  larte  increaees  in  k 
produced  by  the  concentrated  dioxane  penBeation  at  o^  =  0  faiLed  to 
iiaprove  tiie  soil-      It  appears  the  atreaaea  muat  be  in  place  on  the  ••tar- 
ocWFected  clay  in  order  to  effect  cheBical  consol idaticm  during  dioxane 
pemeation. 

DmMXtncN 

This  i»per  BL^sarizea  the  results  of  a  three-year  researd)  attdy  on 
the  effects  of  organic  liquids  in  dcnestic  waat^  leachste  cm  the  hydraulic 
conductivity,  k,   of  southern  Cnt«j-io  clayey  soils.     Previous  papers 
presented  in  the  proceedings  of  the  6th,    7th  and  Bth  Technology  Transfer 
Conferences   (Quigley  and  Fernandez,    1985;  Quigley  et  al,    1986;   and  Quigley 
and  Femaniez,    1987)  detail   the  progress  of  the  study. 

The  hydraulic  conductivity  of  southern  Ontario's  surface  clays 
conpactad  with  water  can  be  drainatically  increased  by  pensestioo  of 
concentrated  organic  Liquids   (Fernandez  and  Quigley,    19851,   t^ereas 
domestic  waste  leachate   (by  itself)   Bho*rei  little  effect  on  k-     The 
laboratory  testing  cosipleted  by  the  second  year  of  the  project  led  to  the 
ccnclusitMi  that  loachste/hydrocarhon  mixtures   (ethanol  and  dicocane)  have 
little  effect  on  k  at  organic  liquid  contents  below   -   fO%. 

The  thiid  year  of  the  study  has  been  aiawd  st:      1)   evaluating  the 
effect  of  leachate/hydrocarbon  nixtures  on  k  for  undisturbed  sa^>les  of 
grey,   unweathered  clays  frcw  Samia;   and  2)  determination  of  the  Magnitude 
of  effective  stresses  required  on  the  browj  clays  to  |»-event  the  large 
increases  in  k  for  highly  ooncantrstad  organlos. 
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MATERIALS 

■Rie   soils   studied  an*  considered  to  be  represCTitative  of  candidate 
soils  for  natural  or  ccaqpactsd  hydraulic  harriers  beneath  waste  dispoaal 
sites.     The  Majority  of  the  teatina  wos  done  on  a  soil  from  tJie  brc*in 
Burfdre  crust  of  a  thick  clay  deposit  near  Somia  in  southweatem  Oitario. 
Selected   tests  were  extended   to  deeper  aaraples  of  grey,    less  vmathered 
clayey   eoila  also   from  near   Samia.      The  penneantij  used   iinlude  donestic 
landfill    leachate   airi  hydrocarbon   liquids  considered   to  reprea«it  the 
extremes  of  soluble  chemical   industrial  waste. 

The  danestic  leachate  uas  obtained  from  the  WestBinster  Sanitary 
I^andfill,  City  of  Uwidon,  Ontario,  and  is  considered  to  be  representative 
of  raw  dcmestic  waste  leachate.     The  fresh  leachate  is  a  clear  grey  liquid 
of   pungent  odour  and  has   a   salinity  of    -   5   gA-- 

Diel«;tric  constant  ar^  kinenatic  viscositiea  of  aqueous  solutions  of 
im^thsnol  ,    ethanol ,    acetone   and  dioxane  are   presenteil  on  Figure    1  .      The 
dielectric  txmstants  of   the   aqueous   solutions    (Figure    lb)   show  a  steady 
proportional  decrease  with  hydrocarbon  ciaitent,    frtm   -  78  for  pure  watar 
to  the  values  for  each  concentrated  solvent.     The  addition  of  methanol, 
ethanol,  acetone  or  dioxane  to  water  increases  the  kinematic  viacosity  up 
to   a  naxiiDLin  as   shown  by   the  curves  on   Figure    la.      The  aaxlmun  values 
aui-pass  the  viscosity  of  pure  water  by  a  factor  ranging  from  -    1.5 
(acetone)    to   -  3   (etMnol).     Beyond  tiie  naxirm,    the  viBCoaitiea  decrease 
to  valuer  typical   of  the  concentrated  solvents. 

Dioxane  tmd  ethanol  were  selected  as  representative  extremes  of 
water-soluble  hydrocarbons  for  the  present  study. 
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ramEANT  CmPACTSD  CLAYS 

Hydraulic  ccnduotivity  tenting  of  clay«  nixed  and  co^«ctod  with 
subsequent  penuantB  has  the  apparent  advantage  that  the  soil   ta  in 
"<iw«ioal  equilibrium"  with  liie  peraeant  fro*  the  start  of  teating.     This 
ccatsiderably  reduces  permeation  tines  and  is  oocasionally  advocated  as  a 
suitable  procedure  for  studies  of  clay/loaohate  compatibility.      Since  the 
■oils  are  thoroi«hly  nixed  with  the  pemeants.   maxiURjn  pemeant  control  on 
the  soil  fabric  (nonnally  flooculaticn)    is  produced  during  awple 
preparation.      If  properly  interpreted,    this  type  of  testing  can  yield 
useful   inforiMtion  on  the  behaviour  of  clay/orgwiic  liquid  ayatene. 
However,    it  must  be  borne  In  mind  that  a  i«ter~ocB^paoted  clay  will 
normally  have  a  much  more  diapereed  Initial  fabric. 

Figur«  2a  ahoWB  the  results  of  two  sets  of  k  teata  for  hrown  Samia 
clay  noulded  and  peni»ated  with  wnter/ethanol  nixtures  at  void  ratios  of 
0.8  and  1.2.      For  both  oases,   slight  decreaaea  in  k  were  observed  in  the 
iow  to  moderate  ethanol  concentration  range.     The  corr«Bponding  data, 
corrected  for  viscoBity  effects,   are  shown  on  Figure  2b  as  intrinalc 
penneability,   K.     Both  curvea  show  steady  Incroaaes   In  K  »rtth  inonsnaing 
hydrocarbon  content   throughout   the  whole   range   of  ethanol   conoontraticwa - 
This  auggests  that  the  decr-easea  in  k  are  due  to  higher  permeant 
viaooaitiea  (Figure  la)    in  the  10  to  50%  ethanol  range,     "nie  rate  of 
increase   in  K  (as   indicated  by  the  slope  of  the  daahed  lines)    is 
significantly  higher  in  the  hl^  ethanol  concentration  range   l>   SOX). 

Control  testa  carried  out  on  reference  kaolinit*  and  mxitaiorillonite 
clays  ai-e  shown  on  Figure  3a  relative  to  the  brown  Samia  clay  at  a  void 
ratio  of  0.8,     Kaolinite  exhibits  values  of  k  that  are  mainly  controlled 


58 


by  the  viaooaity  of  the  penneant.     Tliis  seaoa  ccnfiriMd  by  only  very 
Blight  increasea  in  intrinsic  perseability  for  the  range  of  ethanol 
contents   (not  shoiun).     Mcntaiorillonite,   on  the  other  hani,   ahowB  some 
viacoaity  control  on  k  for  ethanol  contents  of  up  to  35%,    foUoued  by  a 
apectacular  4  orders  of  naflnitude  increase  in  k  with  ir^reasing  aXocdiol 
content. 

Dicflcane/weiter  mixtures  showed  very  prtarourced  double  layer/fabric 
effeiits  relative  to  the  ethanol/water  mixturea,   as  shown  on  Figure  3b. 
Hie  open,    highly  flocculated   fabric  created  by  all   of  the  dioxane/uater 
soluticna  suamped  any  viscosity  effects  and  k  increases  for  the  entire 
range  of  dioxane  contents. 

IttTER  SATUtATBD  CTAY3   (COVACTS}  CR  UtffilSHJRBBD) 

In  this  section,   all   results  described  pertain  to  wster-ccmpacted 
clays  except  for  the  grey  clayH   from  11  b  depth  which  were  taken  from 
Shelby  tube  samples  and  tested  isidisturbed. 

Figure  4b  ahowB  the  hydraulic  cmiductivity  teat  results  at  zero 
static  effective  stresses  for  samples  permeated  with   leachate  containing 
0,    20,    40,    60,    80  and  100*  ethanol.     Reference  values  for  water  used  as 
the  initial  penneant   (circles)   are  shown  altaia  with  the  final  equilibriun 
values   for   the   organic   pemeants    (triangles).      The   figure  shows   that 
significant   decreases   in  k  occurred   for  ethanol   contents  of  up  to   60X. 
'The  sample  penneated  with  SOX  ethanol  doubled  the  k  value  for  water  and 
concentrated  ethanol   increased  k  by  a  factor  of  nore  than   100.     The 
decreases  in  k  obeeived  in  the  "dilute"  CMicent ration  range  are  directly 
related  to  the  increased  viaooaity  of  the  penneant. 
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Thp  valuRS  of  li.vili-aulic  <'(imlix.'l,ivi  ty   foi-  samplos  pprmeat.eil  wit-h 
dnmpRtii-  waai.e    h^achnle  t.^urila i n i ng  noti-pninr  dioxarw-    110.    20,    40,    70,    85 
and    lOOX)   ni-e  Rhfiwr)  an  Figure  4b.      Thr*  prm?ants  riontjiininA  up  to  70X 
tlioxuiui  prmliXTGtl  viannsity   relnUH  decreascK  in  k,    whereas    ira-reases    in  k 
of  2  mid  3  oi^lr>r«  of  moitnitiirle  were  prtxiiiced  by  S5X  aral    lOOX  diaxuiie, 
r*8pe(!tiVBiy.     The  npfotaciiiai-  idcreaaes  in  k  for  the  samplers  perme«t«i 
with  85  ami    tOOX  diuxatw  are  ovidwK-e  of  dotdsle   layer  cwiLroction    in   tiie 
liitfh  r:i>iM.-«'nl  ilil. iiRi    rnnK<^.      Thonni^li   siaaniir I <*!;   of    l.hJK   uork   nri^   prnncnlnt 
by  Quigley  and  Pernaiidpz,    1987  and  Fernandez  and  Quigley,    1988. 

The  results  of  a  series  of  four  hydrauJ ic  uoKluctivity  tents  n«i  on 
i»KliKtiirhp(l  enmplen  of  Krey  Surnia  ciny  at  k  mointiire  rionteiit  of  -  20. 5X 
nt-e  sunmarized  on  Figure  5. 

ftriBeal.iiifi  wltii  0.01   N  C&SOt    (reference  water)    for    -   Z  imre  volumes 
yieldwi  values  of  k   ranginit  friwi    1,3  x    lO*    to   1.8  x    lO*  <in/s.      Tlie 
snmples  uei-p  then  pemeated  with   leat^hate/ethtuiol  Mixtures  containing 
0,    40,    BO  aio)    lOOX  alcohol. 

thti   i nterpretat i rwi  shown  on  Figure   5b  shovHi  significant,    viscosity 
related,  decreases   in  k  taking  plarv  for  ethanol  contents  of  up  to  70X 
fallowed  hy  a  stmll    increase  at  >    70%  etiianol .      The  values  of   intrinsic 
{lermeabili  ty    (Figure  5b)   also   increase  slightly  for  high  aU^thul  contents. 
Ill*;    incrcust-s    in  k  for   the  grey  clay  are  small   compared   to  the  more   than 
JOO-fold   lncr(»BeH  ot»erved  on  Figure  4a   for  Oir  bn«jn  clay.      Tliia   is  a 
refleotiwi  of  tlic   lower  activity  of   the  unwealiicn.'d  grey  clay. 

TOE  nWORTANCE  OF  KFFBCTIVE  STBfiSSES 
TTie  results  of  hydraulic  conductivity   tests  on  water -compacted  brown 
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clay  samples  perweated  with  ieachate/ethanol  mixtures  isider  atatio 
effective  streaaea  of  160  kPa  are  aunmarized  on  Figure  6a.     The  static 
effective  atresses  appear  to  cco^jensat^  for  the  effects  of  a  lower 
dielectric  conatajit   preventing  any   increase   in  k.      In   fact,    the  values   of 
k  Eh(«J  subatantial  decreases  due  to  the  high  viscoaity  of  the  organic 
permeants   and  chKoically-induced  conaolldatiiMt  diacuBaad  later.      Figure  6b 
Bhc*w  that  the  correspmding  values  of  intrinsic  permeability,   K,   are 
practically  unchanged  by  the  leachat«/ethanol  mixtures. 

Figure  7a  shows   in  sumarj*  that  permeation  of  wBter-canpacted  broun 
clay  at    a'    =    160  kPa  with  leachate/dioxane  mixtures  resulted  in  only  small 
increaiiea  in  k  at  high  dioxane  contents   (ccMpare  with  Figure  4b}.     The 
appHtrf   stresses  also  greatly   inhibit   the   largei    increases    in   K   noted  at 
a"    :   D  kPa   (conpare  Figure  7b  and  Figure  9b  in  QuigXey  aivi  Fernandez, 
1987) , 

Tables    1  and  2  aumaiarj.£e  the  changes  in  volime  exhibited  by  the  clay 
samplea  in  response  to  static  effective  atresaea  and  seepage  atresaes 
generated  during  permeation.     Itie  data  in  Table  1   show  that  both  the 
in-plaee   vertical   stresses  and   the  seepage  drag  streaaea  produced 
significant  consolidation  of  the  sample  during  permeation  of  mixtures 
containing  high  ethanol  contents.      For  exan^le,   at  a'    =   160  kPa  the  total 
settlement  equals   1.464  nm  for  samples  originally  20  nn  thick    (7,3%).     The 
vertical  conaol idation  and  K     effects  af^iear  to  close  any  macroporea  or 
shrinkage  cracks   preventing   the   large   increases    in  k.       In  Table   2,    the 
data   F^hou   that    samples   permeated  uitJi    leachate/dioxani^   mixtures  also 
experienced  significant  consolidation   (up  to  3.9X  of  the  Initial  aanfile 
thickness)   under  static  stresses  of   160  KPa,   thus  reducing  by  mechanical 
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■eana  any  cheaicall^- induced  increases  in  k  at  hich  diooiBne  cxxitents.  The 
changes  in  void  ratio  and  hydraulic  conductivity  froa  the  start  to  the  end 
of  pemeatifm  are  also  presented  in  Ikkblea  1  and  2. 

TTie  pore  fluid  "orsanic"  ccnpoaition  at  the  end  of  each  teat  is 
presented  in  Table  3.     Two  general  obaervBtiorw  can  be  «ade.      Piratly,    the 
liquid  hydrocarbon  content  of  the  pore  fluid  in  the  sspiple  at  the  end  of 
testing  is  loucr  than  influent  perseants.      Since  the  effluent  and  influent 
percentages  of  "organics"  are  ainilar,    this  fact   is  inter^H^ted  to  reflect 
exclusion  of  organics  from  the  cation-lad^i  double  la^rs  of  water. 
Sectxidly,   effective  stresses  in  place  on  sanples  peineated  with  highly 
ocncentrated  organics  seen  to  have  increased  the  degree  of  water  roBDval 
fron  the  pore  fluid.      It  is  suggested  that  the  applied  stresses  prevent 
mscropore  develofaent,  especially  along  the  fixed  t^lls  of  the 
pemeaneter,    thus  proaioting  Bore  ixuforai   flow  thr-ough   the  soil   nass,   and 
more  displacement  of  the  resident  pore  water. 

The  very  important  role  of  effective  stresses  in  minimizing  or  even 
prev«iting  increases  in  k  when  the  brown  Samia  clay  is  pemeated  with 
concentrated  ethanol  or  dioocane  is  illustrated  in  svanary  for*  en 
figure  B.     Gn  Figure  8a,    the  refererv^  k  values   for   >   1  pore  volune  of 
water  permeation  (solid  circles)  decrease  froM  about  6  x   10'*  to  2.5  x 
10~*  as  the  applied  stresses  are  increased  from  0  to  160  kPa.     At 
a'   =  0  kFs,   subsequent  pemeation  with  ethanol  produced  a  lOO-fold 
increase  in  k  to  values  ev^  larger  than  the  flocculated  clay/ethanol 
Mixtures  at  a  similar  void  ratio,     lliis  fact  suggests  that  clay  saaple 
i^irlnkage,  maoropore  developnant  and  "leakage"  altmg  the  aides  of  the 
pemeemeter  say  be  a  najor  cause  of  the  very  large  values  of  k 
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(KXxnintioH.v  iiolod  uiUi   Lhis   type  of  titHLiiig.      Efrpotivp  BLmRnen  of  oiily 
20  U>  in  kPa   improve   Mil.-  fuTi(m;t  bot-iiK^i  (.)>c  clay  [mmIs  ruMJ  bRtuecn  l.tie 
noil    luni    U«?   rigiii  unl  In  oT   Uio   pciwniuKrU^r  dmr   to  K      pfr«x;t.Ji.      lALRral 
yii'li]   priilmlily   r'?iliii''>n  or   rviti  cliniiuilcH   niilr>  vsill    riiw.       lo   hi>?Ii  iiwu;n, 
I  lie  riiuiJ    viiltH-H  or  k  nrt.ci    i:LhniKil    )M!nnrHl  ioii  nre  luucr  Utan  Die  vnlucrB 
Tor  wilcr,   a  Tenture  [nrlly  due  to  the  greater  viitnoBiLy  of  ethanui    (abuut 
R(IK  tiilllii-r   than   (iilrf-  urili-r). 

["I'l-ncal  )>>ii  with  |mrp  riioxmtp  renuIU^i   in  im't-paann   in  h,   wilJi  llie 
anft'ii  I  tKfa'n    invt^mnly   )ir<>pi>l'tiuiinl    lu   the  Bpfilieil  eTfective   nlrfiHflcn 
IFitfurf?  8b).      Rven  nt  a'    =0  !([%,   hcwevcr,    Uie  RK?aaured  h  una  atill    lower 
liy  a   Tactor  nf   10  than  Uiat  Tur  the  flocculated  clny/dioxane  mixtures. 

TIk!  iwniuiil    of  confloli<lntiiMi  diiiiiiit  dioxiuK!  prrmcntinii  was  up  to  3X  of 
the  tuiMjilp  voliiM>  wo  i»)i»?  (?Ir>surc  vma  otwiotmly   iMpoit-niit    In  nxluciitK  flume 
ini;mtsep    in  k  due   to  doublr?  layer  cutitmction.     Tlie  aee)nge  draf 
stn^asea  dr^veloprd  during   perMeation   uith   ethnool   unre  higher   tltrui    tlione 
for  'lioxnite,    thus   iintuHlrut    In   reductions    in  san^le   volumcu   liy   up   to   5% 
and  BoiT-  efrii.-i»!tit.   pore  cloRuro. 

ThB  ilal«   in  Table  4    illuatralc  atteapta  to  reators  low  penKnbilltl«tR 
|ji  'lowigcd,   w(ter-<^iai|actod  cla>'  by  ni^plyiiig  static  effective  strcnaca 
nfti-r   pnr^Kmti'jii  of  dioxBiie   and  etlianol  .      The  Jliixniw?  diita  are  also 
plotted  im  Figure  9.     Original  water  pemeation  pi-cxluced  n  k  value  of 
B.25  <<    IO-»  im/h   (kpy)    followed  by  a  large  increase  after  dioxanc 
petwcalion   to  k^^  =    1,35  x   10-*  aa/s.      Subs«iuent  applicatiofi  of  static 
rfffxrtive  stnmBes  of  40,   80,    IZO.    160  aid  320  kPa  t-esulted  in  only 
inrt  ial   re<ltir-ti<in  of  k.      Even  nt  320  kl'a,    t.he  hyilraulic  coiidiKti vity 
""SZOd'    '"'■'^^"''^  about  65  ttnea  greater  tlian  that  of  water  (IVju)'      I"  'he 
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caae  of  etJwmol,  however,  post  daasce  BtreM  an^lication  tmm  nunh  Msre 
effective  with  recovery  to  low  water  values  at  about  60  kFh. 

Table  4  illuatrates  that  the  recovery  of  low  k  values  involves  large 
nettlejifflitB  totalling  about  8X  of  the  initial  s^le  voliwe  for  ethanol. 
The  amunt  of  aettleaent  for  the  dioxane  peraeated  sa^>]as  waa  mxh  leaa, 
indicating  that  the  dioxane  has  apparently  caused  a  atrM^thenli*  of  the 
cl^  structure,   preventing  beneficial  oonaolidation. 

OCHCUUSIGNS 

Ww  folltjwing  najor  conclusions  nay  he  drawn  fro«  the  threa^year 
project; 

Ihtw-Ca— cted  C1mf» 

1.  At  cxmcentrationa  up  to  60K,   water-sol lAle  licpjid  hydrocarbons 
typified  by  ethanol    (e  =  32>  and  diojcane   {e   =  2),   cause  decreases  in 
hydraulic  conductivity  due  to  increases  in  viscosity. 

2.  At  liquid  hydrocarbcn  concentrations  above  60X  a»!l  effective  stresses 
close  to  sero,    large  increases   in  k  occur  due  to  double  layer 
collapse  and  developnent  of  macropores. 

3.  At  static  o^  values  of  only  20  to  40  kPa,  chaaiically-induoed 
c«iBolidation  eliminates  tiie  increases   in  k  for  ccncentratad  ethanol. 

i.        For  dioxane,   such  hitter  static  a'   values  are  required;   snail 
incr«as«8   In  k  occtirring  even  at  a'    =   160  kP^. 

V 

5.        The  bro«n,   weathered,   near-surfaoe  clayey  soils  of  southern  Ctitarlo 
contain  up  to   15X  smectite  and  are  much  more  reactive  to  water- 
soluble  liquid  hydrocarbons  tiian  are  the  mweathered  grey  clays. 
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6.        If  large  increases  in  k  occur  at  low  atreaaea  due  to  contact  with 
non-polar  dioxane,   preliminary  atudiea  suaffeat  that  the  clay 
Btnj^ture  atrenatiiens  significantly  so  that  aubeequent  application  of 
"corrective"  effective  stresaes  causes  little  ctKisolidation  and 
little  reduction  in  k.      In  other  words,   the  stresses  must  be  on  tJie 
water -compacted  barrier  clay  before  contact  with  highly   reactive 
liquid  hydrocarbons, 

Peraeant  Conmacted  Clays 

1,  Mixtures  of  domestic  waste  leachate  and  various  hydrocarbon  liquids 
cause  flocculation  if  mixed  with  clayey  soils  prior  to  c«Bpaction. 

2,  'Hie  resulting  flocculated  soil  structures  may  cause  significantly 
hi^er  k  values  than  water-ooopacted  clays. 

3.  The  flocculated  soil  structures  resist  consolidation  ao  that 
apiJlication  of  effective   stresses  doea  not   improve  k  as   it  does   for 
water -carapacted  clays. 

4.  Use   of  contaminated  water  or   leachate  as  a  wetting  agent   for  soil 
compaction  should  not  be  allowed  without  very  careful  study  of  any 
flocsTTulating  effects. 
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■ft*U   1.     Void  Ratio.  Settl«ent  and  Hydraulic  Conductivity 
of  Brwn  (teter-Coi^jacted  Clay  Per«ated  with 
Leachate/Ethanol   Mixtures. 


Void  Ratio 


Settleoent  k   (ca/a) 

(nm) 


Bthanol 


(kPa)  X  e  e.  Btatic     aeepatfe 


0 


80  0 

40 
80 
100 


0.796     0.756  0  0.446       6.1  x    10-'     4.8  x  10- 

20  0.86Z     0.836  0  0.275       5.4  x    10-»     3.3  «    10- 

40 
60 
SO 
100 


0.766  0.714  0  0.591  4.6x10-  1.7x10- 

0.790  0.752  0  0.428  4.9  x   10-  3.5  x   10- 

0.792  0.755  0  0.418  5.0x10-  l.IxlO- 

0.803  0.767  0  0.397  5.95x    10-  6.2  x   10- 


40                  0  0.772  0.734  0.080  0.353  3.7  x   10-  3.3  x   10- 

40  0.765  0.685  0.116  0.795  3.3  x    10-  1.1  x   10- 

m  0.766  0.682  0.132  0.820  3.7x10-  1.35x10- 

100  0.770  0.682  0.132  0.862  3.6  x   10-  1.8  x   10- 


0.803  0.725  0.357  0.507  3.6  x   10-  3.55x   10- 

O.aOO  0.698  0.329  0.800  3.35x10-  1.3x10- 

0.800  0.717  0.348  0.922  3.05x    10—  1.4   x   10  — 

0.809  0.692  0.346  0.954  2.6  x   10-  1-4  x   10- 


160                  0  0.754  0.682  0.449  0.375  2.9  x  10-  2.75x   10- 

40  0.768  0.662  0.473  0.727  2.6  x  10-  I.OSx   10- 

80  0.768  0.654  0.502  0.784  2.6x10-  9.5x10-10 

100  0.795  0.664  0.692  0.772  2.25x   10-*  1.35x    lO"* 
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T&hl«  2.     Void  Ratio,  Settlement  and  Hydraulic  Conductivity 
of  Brown  Watar-CoiTacted  Clay  Permeated  with 
Laacbate/DioxBnie  Mixturea. 


Void  totio 

Settlavnt 

k  icm/%) 

Dioxana 

% 

"v 
(kPK) 

•o 

"t 

■tatio 

seepage 

k 
o 

•'f 

0 

0 

0.796 

0.756 

0 

0.446 

6.1  X   10-» 

4.8  X  10-* 

10 

0.819 

0.780 

0 

0.424 

9.2  X  10-» 

6.4  X  10-» 

20 

0.831 

0.798 

0 

0.366 

9.0  X  10-» 

6.1  X   10-» 

40 

0.836 

0.812 

0 

0.267 

9.2  X  10-* 

4.4  X  10-» 

70 

0.831 

0.821 

0 

0.190 

1.0  K   10-" 

6.1  X  10-« 

8S 

0.795 

0.777 

0 

0.193 

l.OSx  10- • 

4.2  X  10-' 

100 

0.802 

0.786 

0 

0.177 

6.26x  10- • 

1.35X  10- • 

40 

0 

0.772 

0.734 

0.080 

0.353 

3.7  >c  I0-» 

3.3  X   10-* 

40 

0.859 

0.772 

0.265 

0.674 

4.9  X  10-» 

3.2  X  10-» 

BO 

0.845 

0.764 

0.200 

0.674 

4.6  X  10-» 

2.8  X  l0-» 

100 

0.805 

0.744 

0.104 

0.569 

4.95X  10-* 

3.9  X  10-' 

80 

0 

0.803 

0.725 

0.357 

0.507 

3.6  X  10-* 

3.55x  10- • 

40 

0,895 

0.790 

0.511 

0.594 

5.15x   10-» 

3.05X  10- • 

80 

0.896 

0.805 

0.627 

0.503 

5.5  X  10-» 

5.2  X  10-» 

100 

0.804 

0.731 

0.270 

0.547 

4.2  X  10-» 

1.8  X  10-T 

IBO 

0 

0.754 

0.682 

0.449 

0.375 

2.9  X   10-» 

2.75x  10-» 

40 

0.882 

0.769 

0.725 

0.510 

3.85x  10-" 

2.15X  10- • 

60 

0.884 

0.757 

0.782 

0.635 

3.9  X  10-* 

1.9  X  10-» 

100 

0.827 

0.755 

0.450 

0.339 

3.9  X  10-* 

8.6  X   10-» 
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Table  3.     Hydrocarbon  Content  of  Influent  I>enK]ant  and 
Pore  Fluid  at  end  of  Testing, 


ETHANtX.     (Xl 


DIOXANE     (X) 


(kPfcl 


Penneant       Bare  Fluid 


F^meant       Pore  Fluid 


2d 

40 

80 
100 


16 
39 

74 
70 


10 

40 
70 
BS 

100 


14 

18 

31 
67 

60 
86 


40 


40 


100 


36 

70 

93 


46 

M 

100 


72 

90 


40 
80 
100 


38 
80 

80 


40 
80 

100 


41 
75 

91 


160 


40 
80 

100 


33 
73 

BS 


40 
80 

100 


42 
76 


S9 


TWble  4.     Hydraulic  Conductivity  and  Settlawnt  DatA  for 

Two  Teata  in  »*ich  Effective  Stresaea  were  a^ilied 
to  Ethanol  and  Dioxane  Deraaged  ClayB. 


Static  Effective 
Stress 

Penneant 

Hydraulic 
Conductivity 

Cunulative 
Settlenoit 

o'    (kPa) 

k  (cm/fl) 

Ibh) 

Static 

Seepage 

Water 

^       =5.95x10-. 

0 

_ 

0 

Ethanol 

\m     =  ^-2    "  '°-' 

- 

0.397 

40 

Ethanol 

k^og     =  3.7     X  10- 

0.551 

0.587 

eo 

Ethanol 

''80E     =  "-^     "   '"-' 

0.669 

0.777 

lae 

ethanol 

^20E  =   '■■'     "  '°- 

1.072 

1.227 

IM 

Ethanol 

^60B='-'     '''°" 

1.342 

1.405 

320 

Ethanol 

'^20B  =   '■'     "  '°-' 

1.542 

1.655 

Itatar 

k^       =  6.2S  X   10-. 

0 

- 

0 

Dioxane 

kpp       =   1.35  X   10-* 

- 

0.177 

40 

Dimcane 

^OD     =  ■'■2     ^  10- 

0.283 

0.288 

so: 

Dioxane 

"sod    =  ^-^    '^  ^''■• 

0.419 

0.449 

IK> 

Dioxane 

•'laoD  =  ^-^    "  '°-' 

0.581 

0.S96 

160 

Dioxane 

''leoD  =  »-°    "  ^°-' 

0.658 

0.682 

320 

Dioxane 

k320D  =  ''-0     '^   ^°-' 

0.933 

0.976 
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FIGURE    1. 


PROPERTIES  OF   WATER    HYDROCARBON   PERMEANTS:       (a)    KINEMATIC 

VlSCOSlTYj    AND    (b)    DIELECTRIC    CONSTANT 

Data  Sources:     Weast,   l&e4;  Flick.  1965;  Janz.   1972;  Marcus,   1985. 
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FIGURE    2.         HYDRAULIC  CONDUCTIVITY    {a}    AND    INTRINSIC    PERMEABILITY    (b)    OF 

BROWN    SARNIA  CLAY  MOULDED,    COMPACTED  AND   PERMEATED  WITH  WATER/ 
ETHANOL  MIXTURES  (Directly  from  Quigley  and  Fernandez,    1987) 
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FIGURE    3.         HYDRAULIC   CONDUCTiVITV   OF   CLAYS  MOULDED.    COMPACTED  AND 
PERMEATED    hITH    AQUEOUS    SOLUTIONS    OF    ETHANOL    (a)    AND 
DIOXANE    (b)  (Adapted  from  Quigley  and  Fernandez,    1987) 
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FIGURE  4.    HVDRAULIC  CONDUCTIVITY  OF  WATER-COMPACTED  BROWN  SARNIA  CLAY  PERMEATED 
WITH  MIXTURES  OF  (a)  LEACHATE/ETHANOL  AND  (b)  LEACHATE/DIOXANE . 
STATIC  EFFECTIVE  STRESS,  o^  =  0  kPa . 

(Adapted  from  Quigley  and  Fernandez,  1987) 


.-5' 


r.-! 


t  DW1ESTIC  yASTE  LEACKATE 

50 

1 . 1 p ■ — 


UKDISIURBED  GREY   SILTY  CLAY   (SARHIft} 
a'lf  '  0  kPa  Depth  -   11  m 

■     Reference  k  (Mater) 
A    Final  h  for  Pemieanl 


)l      M 
I       I 
H  —  C  —  C — OH 
I        I 
H      H 


Double  Layer 

Control 


-^^xiimip 


I  — -^ 


10- 


Vlscostty 

Control 


(a) 


J  ETHAMOL   IN  THE  PERHEANT 


10-10 


100 


a  10 


-n 


,-ifl 


X  OOHESTIC  WASTE  LEACKATE 
50 

' 1 1 ■ -— 


UNDISTURBED  GKEY  SILTY  CLAY   (SAfiNlA) 
(jy  '  0  kPa  Depth  •  11  m 

•   Beference  K  {Water] 
A  Final  K  for  Pemeant 


Double  Layer 
Control 


(b) 


SO 
X  ETllAWL   IN  THE  PEEMEANT 


FIGURE  5.  HYDRAULIC  CONDUCTIVITY  (a)  AND  INTRINSIC  PERMEABILITY  (b)  OF 
UNDISTURBED  GREY  SARNIA  CLAY  PERMEATED  WITH  LEACHATE/ETHANOL 
MIXTURES,   STATIC  EFFECTIVE  STRESS,  a'    =    0  kPa. 
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FIGURE  6.    HYDRAULIC  CQNDUCTlvrTY  (a)  AND  INTRINSIC  PERMEABILITY  (b)  OF 

WATER -COMPACTED  BROWN  SARNIA  CLAY  PERMEATED  WITH  LEACHATE/ETHANOL 
MIXTURES.   STATIC  EFFECTIVE  STRESS,  a'    =  160  kPa. 
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FIGURE  7.    HYDRAULIC  CONDUCTIVITY  (a)  AND  INTRINSIC  PERMEABILITY  (b)  OF 

WATER-COMPACTED  BROWN  SARNIA  CLAY  PERMEATED  WITH  LEACHATE/DIOXANE 
MIXTURES,   STATIC  EFFECTIVE  STRESS,  oA  =  160  kPa . 
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FIGURE    8. 


COMPARATIVE   PLOTS   OF    HYDRAULIC  CONDUCTIVITY  VS.    CONFINING   VERTICAL 
E^P^mVESTRESS    (a)    CONCENTRATED  ETHANOL  AND    (b)    PURE    DIOXANE. 
to;  APPLIED  TO  WATER-COMPACTED  CLAY   BEFORE   LIQUID  HYDROCARBON 
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I.  ABSTRACT 

This  paper  reviews  the  current  status  of  bioremediation  technology  for 
the  detoxification  and  degradation  of  hazardous  landfill  leachaies  and 
groundwaters.  Microbial  biodegradation  of  numerous  industrial  pollutants 
has  been  well  documented  in  the  literature.  Physicochemical  factors 
influencing  such  biodegradations  have  been  identified,  leading  to  the  recent 
development  of  several  processes  for  hazardous  waste  bioremediation. 
Benefits  and  limitations  of  this  emerging  technology  w-ill  be  reviewed.  This 
technology  holds  considerable  promise  for  future  hazardous  waste  treatment 
in  Ontario  and  active  research  in  this  area  should  be  aggressively  pursued  and 
supported. 

II.  INTRODUCTION 

The  Ontario  Ministry  of  the  Environment  (MOE)  has  identified  41 
priority  waste  disposal  sites  in  36  municipalities  in  Ontario,  as  having  potential 
to  negatively  impact  the  surrounding  environment  (Sibul.  1987).  The.se,  as 
well  as  numerous  other  active  and  inactive  sites,  are  believed  to  be  releasing 
hazardous  materials  (Barker  ct  al.,  1987;  Proubt  ei  at..  1987)  into  the 
environment. 

Table  1  summarizes  data  on  the  compositional  variability  of  hazardous 
leachates  from  several  Ontario  landfill  sites.  These  ieachates  include  many 
hazardous  chemicals  including  inorganics  {halides  and  metals),  alkanes. 
aromalic,*-,  poly-nuclear  aromalics  and  organochiorines.  Many  of  these 
compounds  have  been  listed  as  "priority  pollutants"  by  the  U.S.  Environmental 
Protection  Agency  (EPA;  Denit,  1984)  and  by  the  MOE  (MOE,  1982;  MISA, 
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1987).  The  variability  in  leachate  composition  between  the  different  landfills 
results  from  many  factors,  including  the  characteristics  of  the  particular 
surrounding  industrial  base  and  the  nature  of  the  landfill  site  (soil  type,  soil 
structure,  pH,  etc.). 

In  response  to  the  requirement  for  industry  to  meet  new  stringent 
environmental  regulations,  there  has  been  a  tremendous  effort  in  recent  years 
to  develop  improved  waste  treatment  processes  that  are  both  efficient  and 
cost-effective.  The  purpose  of  the  study  we  carried  out  for  the  MOE  was  to 
review  recent  developments  in  the  field  of  biological  treatment  of  hazardous 
wastes,  in  order  to  assess  their  potential  applicability  for  Ontario  landfill 
leachate  remediation  (Fein  and  Yu,  1988).  The  specific  objectives  of  the  study 


were: 


(1)  To  evaluate  the  feasibility  of  both  traditional  and  new  biological 
treatment  technologies  (relative  to  conventional  physical  and 
chemical  processes)  for  hazardous  leachate  management; 

(2)  To  identify  critical  process  parameters  affecting  the  suitability  of 
biological  treatment  of  hazardous  wastes; 

(3)  To  review  recent  progress  in  the  development  of  specialized 
commercial  treatment  cultures  for  industrial  pollutant 
biodegradation.  concentrating  on  natural  (i.e.  non-genciicaily 
engineered)  microorganisms; 

(4)  To  provide  a  risk  assessment  of  biological  treatment  processes;  and 

(5)  To  make  recommendations  for  biological  process  implementation 
in  Ontario,  including  liming  and  identification  of  research  needs. 

This  paper  will  focus  on  the  microbiological  considerations  involved  in 
developing  full  scale  bioremediation  processes  for  waste  treatment. 

III.  OVERVIEW  OF  BIOREMEDIATION  TECHNOLOGY 

A  variety  of  aerobic  and  anaerobic  biological  waste  treatment  processes 
have  been  employed  for  years  for  the  treatment  of  wastes  such  as  .sewage  and 
food  processing  effluents.  With  the  widespread  manufacture  and  use  of  novel 
man-made  synthetic  chemicals  (i.e.  xenobioiic  substances),  many  of  which 
have  been  found  to  be  very  recalcitrant  to  conventional  microbiological 
treatments,  came  the  realization  that  traditional  biological  processes  would 
have  to  be  refined  significantly  for  the  treatment  of  industrial  wastes,  landfill 
leachates  and  other  materials  containing  hazardous  compounds.    Significant 
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advances  have  recently  been  made  in  ihe  fields  of  microbial  ecology, 
metabolism,  genetics  and  bioengineering.  This  in  turn  has  led  to  the 
development  and  recent  introduction  of  some  novel  biological  treatment 
processes  for  xenobiotic  wastes. 

To  date,  few  full  scale  installations  for  the  biological  treatment  of 
hazardous  waste  chemicals  are  operating.  Aitken  and  limine  (1987)  have 
suggested  several  reasons  for  the  slow  introduction  of  this  technology:  (1)  the 
lack  of  a  proven  track  record  as  a  result  of  too  few  full  scale  operating  plants; 
(2)  unc-ertainty  by  the  regulatory  authorities  and  engineering  consultants  that 
these  untested  systems  will  consistently  meet  stringent  environmental 
discharge  limits;  (3)  limitations  of  laboratory  feasibility  tests,  which  are  unabje 
to  truly  duplicate  the  field  environment,  to  accurately  predict  full  scale  field 
performance.  The  latter  stems  largely  from  our  insufficient  understandmg  of 
the  complex  microbial  ecology  involved,  and  from  our  incomplete  knowledge 
of  the  true  physicochemical  and  biological  parameters  affecting 
microorganisms  in  treatment  systems. 

As  a  result,  Aitken  and  Irvine  point  out  that  many  pollution  problems 
that  could  probably  be  solved  more  cheaply  and  efficiently  by  biological 
processes  are  instead  being  addressed  using  the  more  costly,  conventional 
physical  and  chemical  destruction  technologies. 

The  feasibility  of  any  biological  treatment  process  for  handling 
hazardous  environmental  pollutants  will  rely  on  many  non-biological  and 
biological  parameters.  Effective  treatment  in  any  biological  treatment  process 
will  depend  on  the  ability  to  provide  "suitable"  type(s)  of  microorganisms  m 
the  treatment  system.  The  microorganisms  must  also  be  maintained  in  an 
optimal  or  satisfactory  phvsiotogical  state  to  obtain  good  performance.  This 
will  be  determined  by  a  host  of  chemical,  physical,  nutritional  and  biological 
factors  which  affect  microbial  grovrth.  survival  and  metabolic  activity  (Table 

2)- 

Failure  in  the  past  to  understand  these  fundamental  ecological 
principles  has  impeded  the  successful  development  of  biological  processes  for 
treatment  of  hazardous  wastes.  For  a  particular  waste  problem,  the  success  of 
a  biological  process  (i.e.  efficiency,  kinetics  of  biodegradation  and 
detoxification,  stability,  control  of  undesirable  microorganisms,  etc.)  will 
depend  on  how  well  these  factors  are  understood  (and  controlled)  by  the 
designer?  and  operators  of  the  system. 
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IV.  SURVEY  OF  BIODEGRADABLE  ENVIRONMENTAL 
POLLUTANTS 

A.  BIODEGRADABLE  ORGANIC  POLLUTANTS 

Microorganisms  have  an  enormous  capacity  to  degrade  natural  organic 
substances,  given  favourable  environmental  conditions  (Alexander,  1965; 
Atlas  and  Bartha,  1987).  If  microorganisms  with  the  appropriate  activities  are 
already  present  in  suitable  numbers,  biodegradation  should  begin  immediately 
following  the  introduction  of  an  organic  compound  into  the  environment,  or 
following  a  short  induction  period. 

The  situation  with  respect  to  unnatural  man-made  industrial  chemicals, 
which  are  being  added  at  a  rate  of  1,200  chemicals  a  year  to  the  U.S.  EPA's 
current  list  of  60,000  industrial  chemicals  (McCormick,  1985),  is  more 
complex.  In  the  environment,  such  molecules  may  undergo  complete  or 
partial  biodegradation  or  may  be  entirely  recalcitrant  to  microbiological 
attack.  Also,  abiotic  forces  such  as  spontaneous  chemical  breakdown  or 
volatilization  can  account  for  partial  or  complete  removal  of  these  compounds 
(Vogele/«/.,  1987). 

A  wealth  of  laboratory  data  in  the  recent  scientific  literature  attests  to 
the  fact  that  many,  if  not  most,  xenobiotic  chemicals  are  subject  to 
microbiological  attack,  given  the  correct  environmental  conditions  and  types 
of  microflora  (McCormick,  1985;  Johnston  and  Robinson,  1984).  Numerous 
examples  are  summarized  in  Table  3. 

The  compounds  listed  in  the  table  include  most  of  the  hazardous 
substances  of  current  environmental  concern  including  industrial  chemicals 
from  all  of  the  major  groups  (halogenated  hydrocarbons,  polychlorinaled 
biphenyls  (PCBs),  organic  pesticides  and  herbicides,  inorganic  pollutants, 
etc.).  From  Table  3,  it  will  also  be  seen  that  many  different  types  of  naturally 
occurring  bacteria  are  responsible  for  these  diverse  activities. 

B.  RECALCITRANCE  OF  XENOBIOTIC  COMPOUNDS 

From  a  practical  consideration,  the  slow  rates  of  biotransformation  and 
biodegradation  for  many  of  the  xenobiotic  compounds  constitute  a  limitation 
to  the  technology.  Furthermore,  the  fact  that  a  xenobiotic  compound  can  be 
biodegraded  in  the  controlled  conditions  of  the  laboratory  does  not 
necessarily  mean  that  the  same  process  will  occur  in  a  field  situation. 
Conditions  are  likely  to  be  drastically  different  in  terms  of  physicochemicat, 
hydrological    and    biological    parameters,    compositional    complexity   and 
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strength  of  the  particular  waste,  as  well  as  scale  of  operation  (McCormtck. 
1985;  Aitken  and  Irvine.  1987).  If  the  field  conditions  are  not  correct, 
xenobiotic  chemicals  may  be  quite  resistant  to  microbial  attack  and  persist  tor 
many  years. 

The  term  mineralization  is  used  to  describe  complete  microbiological 
biodegradation  of  organic  materials  to  carbon  dioxide,  water  and  simple 
inorganic  substances.  For  many  xenobiotics.  however,  biodegradation  is  only 
partial,  leading  to  the  production  of  recalcitrant  intermediates  which  may 
have  lower  higher  or  similar  toxicity  to  the  original  chemical  (Bartha,  1969; 
Summers  and  Silver.  1978;  Sundstrom,  1982;  Roberts,  1987). 

Other  factors,  in  addition  to  unfavourable  environmental  conditions, 
are  responsible  for  biological  recalcitrance  of  many  xenobiotic  compounds, 
including: 

(1)  Unnatural  chemical  substitutions  (e.g.  chlorination,  highly 
condensed  aromatic  rings,  unusual  bonds,  etc.)  which  make  the 
molecules  unreactive  (e.g.  due  to  stcric  hindrance,  strong 
electronegativities  of  halogen  substituents)  and/or  unrecognizable 
by  microbial  enzymes  (Steiert  and  Crawford,  \9S5); 

(2)  Failure  of  the  xenobiotic  substance  to  induce  the  synthesis  of 
catabolic  enzymefs)  which  would  degrade  it; 

(3)  Inability  of  the  xenobiotic  substance  to  enter  the  microbial  cell,  due 
to  lack  of  specific  transport  proteins  (permeases); 

(4)  Limited  bioavailability  of  the  xenobiotic  substance  to  the  cell; 

Bioavailability  can  be  reduced  as  a  result  of  immobilization  of 
molecules  onto  inorganic  surfaces  (e.g.  day  particles)  or  organic 
panicles  through  adsorption  or  ionic  interactions.  Similarly,  witti 
highly  lipophilic  pollutants  .such  as  PCIJs  and  other  chlorinated 
hydrocarbons,  solubilization  and  partitioning  of  the  molecules  into 
biological  membranes  (e.g.  in  biological  sludge)  can  restrict  their 
accessibility  to  microbial  catabolic  processes  (Wiench  and  Oerike 
1981;  Richards  and  Shieh,  1986;  Paris  et  at..  1977;  Johnston  and 
Robinson.  1984). 

(5)  Severe  toxicity  of  the  polluiant  or  its  metabolic  intermediates  for 
microorganisms. 
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The  cell  membranes  of  microorganisms  can  concentrate  lipophilic 
toxicants,  leading  to  a  10  to  1000  fold  increase  in  the  concentration  of  these 
substances  in  the  cells.  In  biological  wastewater  treatments,  accumulation  of 
hazardous,  poorly  metabolized  lipophilic  pollutants  into  microbial  sludges 
complicates  the  downstream  handling  of  the  sludge.  These  sludges  must  be 
considered  as  hazardous  and  should  be  disposed  of  accordingly.  When 
evaluating  biotreatability  data,  the  investigator  must  consider  the  possibility  of 
bioaccumulatlon,  since  this  phenomenon  can  remove  lipophilic  pollutants 
from  the  aqueous  assay  system.  This  could  lead  to  an  overestimalion  of  the 
extent  and  rale  of  biodegradation  unless  proper  chemical  mass  balances  are 
conducted  (Aitken  and  Irvine,  1987). 

C.  SIGNIFICANCE  OF  MICROBIAL  COMMUNITIES  IN 
BIODEGRADATION 

Numerous  laboratory  studies  have  .shown  thai  pure  microbial  cultures 
(i.e.  single  species)  can  attack  and  degrade  many  xenobioiic  substances.  It  is 
important  to  realize  however  that,  in  both  natural  ecosystems  and  full  scale 
waste  treatment  systems,  biodegradation  is  usually  mediated  by  microbial 
communities  containing  different  types  of  microorganisms  having  many 
different  metabolic  capabilities.  Pure  microbial  cultures  are  rarely 
encountered  in  natural  environments  (Slater  and  Lovati.  1984). 

Many  naturally  occurring  microbial  communities  capable  of 
biodegrading  various  xenobioiic  substances  have  been  isolated  and 
characterized  (Table  4).  In  an  excellent  review  on  the  significance  of 
microbial  communities  on  biodegradation.  Slater  and  Lovatt  (1984)  point  out 
that  individual  members  of  these  communities  are  often  much  less  effective 
than  the  community  as  a  whole  in  their  abilities  to  biodegrade  many 
xenobioiic  pollutants.  This  microbial  synergy  results  in  significantly  enhanced 
rates  of  biodegradation  and  mineralization  or  biotransformation  of  a  much 
wider  range  of  xenobiotics  than  is  possible  by  any  of  the  single  species  in  a 
community.  Tlie  term  ■'consortium"  has  been  introduced  to  describe  a  two- 
membered  culture  or  natural  as.semblage  such  as  those  in  Table  4  in  which 
each  microorganism  derives  benefit  from  the  other  as  a  result  of  their 
interactions  (Brock  ei  al. ,  1 984). 

For  biological  waste  treatment  processes  to  operate  successfully  in  the 
field,  stability  of  the  microbial  communities  is  a  prime  need.  Any  of  a  number 
of  critical  physicochemicai  or  biological  factors  (see  Table  2)  can  upset  the 
stability  of  the  community  and  hence,  the  efficacy  of  biodegradation.  If  these 
parameters  are  not  properly  understood  and  controlled,  costly  process  failures 
and  shutdowns  may  result. 
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A  wide  variety  of  microbial  interactions  can  affect  the  performance  of  a 
waste  treatment  process,  including  commensalism.  mutualism,  competition 
and  predation  (Alias  and  Bartha,  1987).  Commensalistic  or  mulualistic 
interactions  may  promote  biodegradation  processes  by  a  number  of 
mechanisms.  Nutritional  assistance  is  one  means  whereby  one  member  of  a 
microbial  community  provides  another  with  a  required  growth  nutrient.  For 
example.  Jenson  (1957).  characterized  a  commensalistic  microbial  community, 
enriched  from  soil,  which  biodegraded  trichloroacetic  acid  (TCA).  The 
community  consisted  of  three  microorganisms,  an  unidentified  bacterium 
(strain  3C1)  which  could  dechlorinaie  TCA  and  use  it  as  a  primary  carbon  and 
energy  source  for  growth,  and  two  species  of  Sireplomyccs,  which  were  not 
able  to  grow  on  ICA.  Strain  3C1  could  not  grow  in  the  absence  of  the 
Sticpioniyces  spp.,  unless  vitamin  Bp  was  added.  In  the  natural 
commensalistic  culture  growing  on  TCA,  Ti  was  concluded  that  one  or  both  of 
the  Sireplomyccs  spp.  provided  strain  3C1  with  the  essential  vitamin  while 
using  substrates  other  than  TCA  as  their  cartion  and  energy  sources. 

Other  mechanisms  for  nutritional  assistance  in  mutualistic  or 
commensalistic  communities  include:  (1)  increasing  the  availability  of  a 
bound  or  otherwise  inaccessible  substrate,  for  example,  by  excreting  a 
biosurfactant  to  release  an  insoluble  pollulani  (Banerjee  el  al.,  1983; 
McCormick,  1985);  (2)  release  of  extracellular  enzymes  whose  activities 
provide  readily  utilizable  substrates  from  otherwise  non-available  complex 
substrates  (eg,  glucose  from  cellulose):  and  (3)  production  of  utilizable 
substrates  through  co-metabolism  (discus,sed  below). 

The  detoxification  (through  biodegradation  or  biotrans- 
formation) of  toxic  pollutants  in  an  environment  is  another  important 
mechanism  whereby  one  member  of  a  mulualistic  or  commensalistic 
community  can  assist  another  and  promote  the  overall  efficacy  of 
biodegradation  in  a  biological  treatment  process. 

D.  CO-METABOLISM 

Co-metabolism,  or  fortuitous  metabolism  as  it  is  sometimes  called,  is  a 
phenomenon  whereby  a  bacterium  is  able  to  partially  or  totally  transform  a 
non-growth  substrate  (i.e.  a  specific  xenobtolic  compound)  in  the  obligate 
presence  of  another  ortjanic  compound  which  serves  as  its  growth  substrate 
(i.e.  carbon  and  energy  source).  It  is  a  fortuitous  form  of  metabolism  in  that 
the  reactions  are  catalyzed  by  microbial  enzymes  which  have  broad  substrate 
specificity  (Johnston  and  Robinson,  1984). 
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In  the  case  of  partial  transformation,  the  chemical  intermediate* 
produced  by  co-metabolism  may  be  available  for  consumption  as  carbon  and 
energy  sources  by  other  members  of  the  microbial  community.  For  example, 
the  baaerium  Mycobacterium  vaccae  is  able  to  co-metabolize  cyclohexane 
while  growing  on  propane,  but  cannot  assimilate  either  the  cyclohexane  its  co- 
metabolic  by-product,  cyclohexanone  (Beam  and  Perry,  1974).  The  latter, 
however,  can  be  used  by  other  bacteria  in  this  commensalistic  community, 
which  also  cannot  utilize  the  cyclohexane. 

Although  many  laboratory  examples  of  co-metabolism  have  been 
reported  in  the  literature,  the  true  extent  to  which  it  occurs  in  nature  is  not 
clear  (Johnston  and  Robinson,  1984).  It's  exploitation  has  been  considered  as 
a  possible  approach  to  the  in  situ  treatment  of  pollutants,  whereby 
acclimatized  microbial  seed  cultures  would  be  injected  along  with  a  growth 
substrate  into  a  suitable  aquifer  system  (Jhaveri  ei  al.,  1983;  Wilson  and  Ward, 
1987).  It  would  appear  that  this  approach  is  being  successfully  applied  to  a 
number  of  hazardous  waste  problems,  including  a  few  of  the  so-called 
Superfund  sites  in  the  United  States  (A.  Bourquin,  personal  commun.). 
However,  as  pointed  out  by  McCarty  (cited  by  Roberts,  1987).  the  economic 
feasibility  of  injecting  huge  quantities  of  an  energy  source  (i.e.  primary 
substrate)  into  the  ground  must  be  carefully  evaluated  for  each  waste 
treatment  situation.  Primary  energy  sources  are  required  at  levels  of  about 
100  to  1000  times  greater  than  that  of  the  pollutants  if  the  latter  are  to  be  co- 
metabolized.  Thus,  for  every  kilogram  of  hazardous  chemical  to  be 
transformed,  100  to  1000  kg  of  primary  substrate  would  have  to  be  added  to 
the  aquifer.  The  operating  costs  for  such  treatment  could  be  enormous!  At  a 
Superfund  site  in  Florida  being  treated  in  siiu  by  ECOVA  Corp..  the  high 
content  of  natural  organic  compounds  in  the  contaminated  soil  appears  lo  be 
providing  much  of  the  required  organic  nutrient  for  the  co-metabo!izing 
bacteria  (A.  Bourquin.  personal  commun.) 

E.  GENETICALLY  IMPROVED  STRAINS 

Microbiologists  have  shown  that,  for  many  recalcitrant  pollutants,  it  is 
possible  to  develop  genetically  improved  or  acclimatized  seed  cultures  (single 
or  mixed  species)  having  an  increased  capacity  to  biodegrade  or  detoxify  these 
compounds.  The  rationale  behind  this  work  is  that,  by  developing  a  number 
of  specific  superior  strains  and  then  mixing  and  matching  them,  it  may  be 
possible  to  customize  microbial  preparations  for  combating  specific  hazardous 
waste  problems  (Gasner,  1979;  McCormick,  1985).  In  particular  penta-  and 
tetra-chlorodibenzodioxins  (TCDDs)  and  their  dibenzofuran  analogues 
(TCDFs),  PCBs,  toxaphenes.  Dieldrin/Aldrin,  Heptachlor  and  its  epoxide,  the 
Chlordanes,  Mirex,  Kepone  and  the  hexachlorocyclohexane  insecticides,  have 
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been  identified,  as  deserving  high  priority  attention  for  research  into 
improving  their  biodegradability  (Johnston  and  Robinson,  1984).  All  are 
highly  toxic  and  persistent  in  the  environment. 

Laboratory  methods  that  have  been  successfully  applied  include 
conventional  strain  isolation  and  enrichment  {acclimatization  and 
adaptation),  classical  mutagenesis,  plasmid-assisicd  breeding  and  genetic 
engineering  (Aitken  and  Irvine,  1987;  Chakrabarty.  1974;  Johnson  el  al..  1985; 
Johnston  and  Robinson,  1984;  Kellogg  el  al.,  1981;  Kilbane  el  al.,  1982; 
McCormick.  1985;  Roberts,  1987;  Schlegel  and  Jannasch.  1967;  Steicrl  and 
Crawford,  1985;  Veldkanip,  1974;).  Further  discussion  of  these  methods  and 
their  application  to  the  development  of  better  degradative  microorganisnis 
for  bioremediaiion  processes  are  provided  in  our  full  report  to  MOE  (Fem 
and  Yu,  1988). 

When  developing  a  suitable  seed  culture  for  bioaugmenialion. 
regardless  of  the  approach  to  be  taken,  there  are  a  number  of  physiological 
properties  which  need  to  be  considered  as  targets  for  possible  improvement. 
Table  5  presents  a  summary  of  those  traits  which  are  desirable  or  essential  for 
a  worthy  commercial  seed  preparation. 

A  number  of  suppliers  presently  are  selling  natural  or  acclimatized 
bacterial  seed  preparations  which  they  claim  offer  superior  performance  for 
treating  certain  types  of  wastes  including  greases,  phenols  or  even  "dioxin 
herbicide"  (Johnson  el  al.  1985,  Gasner,  1979),  In  many  ca.ses.  however,  the 
claims  made  for  these  microbial  cultures  appear  to  be  highly  exaggerated, 
unsubstantiated  and  scientifically  questionable  (Johnston  and  Robmson, 
1984). 

On  the  other  hand,  significant  progress  has  been  made  over  the  past 
fifteen  years  in  the  developmeni  of  microorganisms  which  exhibit  enhanced 
biodegradative  abilities  towards  specific  pollutants.  The  challenge  now'^is  to 
successfully  move  the  lechnoloav  out  of  the  laboratory  and  mio  the  field.  As 
seen  in  Table  2,  to  be  effective  in  the  field  a  seed  microorganism  or  mixture  of 
seed  microorganisms  must  display  a  range  of  physiological  properties.  The 
capacity  to  degrade  a  particular  pollutant  in  a  bioreactor  or  field  situation  will 
be  of  limited  benefit  if  the  microorganisms  are  susceptible  to  the  toxic  effects 
of  other  pollutants  that  might  also  be  present  in  the  waste.  With  mos-l 
hazardous  wastes,  such  as  industrial  landfill  leachates,  complexity  and  high 
toxicity  are  often  the  norm  (Johnston  and  Robinson.  1984;  Barker  et  al.,  1987; 
Roberts.  1987). 

Furthermore,  in  all  real  world  treatment  situations,  the  seed 
microorganisms    must    successfully   compete   with   the    natural    mdigenous 
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microflora  for  available  resources  (nutrients,  attachment  sites,  space,  etc.)  if 
they  are  to  establish  themselves  and  effectively  catalyze  the  desired 
transformations.  This  in  turn  will  depend  on  how  well  the  bacteria  in  the  seed 
preparation  can  cope  with  the  particular  set  of  conditions  imposed  by  each 
waste  treatment  problem.  We  are  still  a  long  way  from  achieving  this 
objective.  Where  commercial  seed  cultures  have  been  effective,  continued 
performance  almost  always  requires  that  these  preparations  be 
readministered  to  the  treatment  system  on  a  repeated  basis,  to  maintain  the 
desired  level  of  activity  (Johnson  et  al.,  1985).  This  consirasts  sharply  with  the 
more  economically  desirable  "one  shot"  starter  culture  approach. 

For  in  situ  treatments  of  hazardous  waste  landfills,  this  problem  is 
magnified  since  very  few  of  these  parameters  can  be  controlled  and  because  of 
variation  in  site  geology  (soil  structure  and  composition,  hydrology,  etc.).  The 
most  important  constraint  on  biodegradaiion  in  soils  is  thought  to  be  the 
inaccessibility  of  the  pollutants  to  the  microorganisms,  as  a  result  of 
adsorption  and  other  abiotic  factors  that  were  discussed  earlier.  Furthermore, 
the  conditions  in  such  environments  are  often  extreme  for  microorganisms, 
being  highly  toxic  due  to  high  concentrations  of  toxic  metals  and  halogenated 
compounds  and  having  an  unusually  low  water  activity  (Johnston  and 
Robinson,  1984).  What  works  well  on  one  particular  waste  may  not  work  so 
well  on  a  similar  waste  at  a  different  treatment  site.  With  above-the-ground 
treatment,  the  problem  may  be  somewhat  less  severe,  as  operators  can  control 
and  optimize  many  of  the  critical  physicochemicat  factors.  Variability  in  the 
xenobiotic  composition  of  the  wastes,  however,  will  always  be  a  significant 
factor  limiting  universal  applications  of  any  specifically  developed  microbial 
preparation. 

The  solution  to  such  complex  problems  may  lie  in  the  development  of 
large  libraries  of  biodegradative  microorganisms  from  which  specific  mixed 
cultures  could  be  formulated  to  suit  a  particular  waste  problem  (McCormick, 
1985).  Until  more  is  learned  about  the  ecologiciil  aspects  of  biological  waste 
treatment,  this  goal  will  not  be  realized.  Furthermore,  such  libraries  will 
probably  have  to  be  quite  large,  since  bacteria  capable  of  degrading  one 
member  of  a  class  of  xenobiotic  substances  (e.g.  PCBs,  toxaphenes  or 
halobenzoates)  are  often  unable  to  biodegrade  another.  For  example,  with 
benzoic,  p-hydroxybenzoic  and  salicylic  acids,  which  differ  only  in  a  single 
hydroxyl  substitution,  biodegradation  of  each  is  mediated  by  different  strains 
using  distinct  catabolic  pathways  (Johnston  and  Robinson.  1984). 
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V.  FUTURE  OUTLOOK 

We  have  seen  thai  microorganisms  have  an  enormous  capacily  to 
biodegrade  or  transform  numerous  xenobioiic  substances,  given  the  right 
environmental  conditions.  As  was  discussed,  many  interacting  factors  will 
ultimately  determine  the  environmental  fate  of  these  compounds.  At  the 
applied  level,  the  research  and  development  challenge  is  how  to  best  exploit 
microorganisms  and  transfer  the  emerging  technology  from  the  laboratory 
environment  to  full  scale  operational  field  processes. 

Over  the  past  several  years  we  have  seen  the  introduction  of  a  number 
of  pilot  scale  and  full  scale  biological  treatment  systems  for  remediation  of 
contaminated  industrial  effluents,  landfill  leachates  and  groundwaters. 
Examples  include  conventionally  designed  aerobic  (e.g.  aeration  lagoon, 
activated  sludge,  etc.)  and  anaerobic  (e.g.  anaerobic  sludge  blanket  reactor, 
anaerobic  filter,  etc.)  systems,  as  well  as  a  number  of  newer  process  designs 
(eg.  in  Sim.  solid,  and  slurry-phase  soil  treatment  processes,  sequencing  batch 
reactor,  the  hybrid  PACT  system,  etc.).  Some  of  the  latter  systems  are  being 
currently  tested  at  several  heavily  contaminated  landfills  in  the  United  States 
(i.e.  Superfund  sites)  with  apparent  success.  For  further  discussion  of  these 
various  processes  including  references,  the  reader  is  referred  to  our  lull  report 
to  MOE  (Fein  and  Yu,  1988). 

Bioremediation  holds  considerable  promise  for  hazardous  waste 
treatment,  and  offers  many  potential  advantages  over  comparable  non- 
biological  treatment  technologies  in  current  usage.  Tliese  biological 
treatments  are  often  quicker  and  more  cost  effective  than  comparable 
physicochemical  processes  in  current  usage.  Bioremediation  warrants  serious 
consideration  for  Ontario  industrial  pollution  problems,  both  as  a  stand  alone 
technology  and  as  a  unit  operation  to  lie  used  in  conjunction  with  other 
current  technologies.  The  choice  of  the  most  suitable  process  design  for  a 
particular  pollution  problem  can  only  l>e  determined  after  thorough  feasibility 
analysis  both  and  in  the  laboratory  and  on-site. 


VI.  ACKNOWLEDGEMENTS 

This  study  wa; 
Project  No.  339  RR. 
Interest  and  support. 


This  study  was  funded  by  the  Ontario  Ministry  of  the  Environment. 
Project  No.  339  RR.    We  wish  to  thank  Rajib  Khetlry  of  the  Ministry  lor  his 


91 


VU.  LITERATURE  CITED 

Aitken,  M.  D..  and  R.  L.  Irvine.  1987.  Biological  treatment  of  hazardous 
wastes.  In  Proceedings  of  the  Post-Conference  Workshop  on 
Hazardous  Wastes  Treatment  Process  Design.  Meeting  of  the 
Water  Pollution  Control  Federation,  Philadelphia,  PN.  Oct.  8. 

Alexander,  M.  1965.  Biodegradation:  problems  of  molecular  recalcitrance  and 
microbial  fallibility.  Adv.  Appl.  Microbiol.  7;  35-80. 

Atlas,  R.M.,  and  R.  Bartha.  1987.  In  Microbial  ecology:  fundamentals  and 
applications.  The  Benjamin/Cummings  Publishing  Co,,  Inc.  Menlo 
Park,  CA. 

Banerjee,  S.,  S.  Duitagupa,  and  A.  M.  Chakrabarty.  1983.  Production  of 
emulsifying  agent  during  growth  oi  Pseudomonas  cepacia  with  2.4,5- 
trichlorophenoxyacetic  acid.  Arch.  Microbiol.  135: 110-114. 

Barker.  J.  F.,  J.  A.  Cherry,  and  D.  A.  Carey.  1987.  Hazardous  organic 
chemicals  in  groundwater  at  Ontario  landfills.  In  Proceedmgs  of 
the  MOE  Technical  Transfer  Conference.  Part  C.  Toronto.  Nov, 
30  -  Dec.  1.  Ontario  Ministry  of  the  Environment,  pp.  1-29. 

Bartha,  R.  1969.  Pesticide  interaction  creates  hybrid  residue.  Science.  166: 
1299-1300. 

Beam.  H.  W..  and  J,  J.  Perry.  1974.  Microbial  degradation  of  cycloparaffinic 
hydrocarbons  via  comelabolism  and  commensalism,  J.  Gen. 
Microbiol,  82:  163-169. 

Brock  TD.  D.W.  Smith,  and  M.T.  Madigan.  1984.  Biology  of 
microorganisms.  4lh  ed.  Prentice-Hall.  Inc.  Englewood  Cliffs,  N  J. 

Chakrabarty.  A.  M.  1974.  Microorganisms  having  multiple  compatible 
degradative  energy-generating  plasmids  and  preparation  thereof. 
U.S.  Patent  3,813.316. 

Denit  J.  1984.  Development  document  for  effluent  limitations;  guidelines  and 
standards  for  the  plastics  moulding  and  forming  poml  source 
category.  Report  No.  EPA/440-184-069.  U.  S.  Environmental 
Protection  Agency,  Wash.,  D.  C. 

Fein  J  E  and  P  Yu  1988.  Technology  Review:  Biological  Treatment  of 
Hazardous  Undfill  Leachates.  MOE  Project  No.  339  RR  Fmal 
Report. 


92 


Gasner.  L.L.  1979.  Microorganisms  for  waste  trealmenl.  In  Microbial 
Technology,  Vol.  II.  Edited  by  H.  J.  Peppier  and  D.  Perlman. 
Academic  Press,  Inc.,  New  York.  pp.  21 1-222. 

Jenson,  H.  L.  1957.  Decomposition  of  cliloro-substituted  aliphatic  acids  by 
soil  bacteria.  Can.  J.  Microbiol.  3;  151-164. 

Jhavcri,  V.,  A.  J.  Mazzacca,  and  H.  Snyder.  1983.  Method  and  apparatus  for 
treating  hydrocarbon  and  halogenated  hydrocarbon  conlaminaled 
ground  and  groundwater.  U.  S.  Patent  4,401.569. 

Johnson,  L.  M.,  C.  S  McDowell,  and  M.  Krupka.  1985.  Microbiology  in 
pollution  control:  from  bugs  to  biotechnology.  Devel.  Indust. 
Microbiol.  26:  365-376. 

Johnston,  J,  B..  and  S.  G.  Robinson.  1984.  Genetic  engineering  and  new 
pollution  control  technologies.  Noyes  Publications.  Park  Ridge, 
NJ. 

Kellogg.  S.  T.,  D.  K.  Chatterjee.  and  A.  M.  Chakrabarty.  1981.  Plasmid- 
a.ssisted  breeding:  new  technique  for  enhanced  biodegradation  of 
persistent  lo.\ic  chemicals.  Science,  214:  1133-1135. 

Kilbane.  J.  J..  D.  K.  Chatterjee,  J.  S.  Karns,  S.  T.  Kellogg,  and  A.  M. 
Chakrabarty.  1982.  Biodegradation        of        2.4,5- 

trichlorophenoxyacetic  acid   by   a   pure   culture   of  Pscudoinonas 
cepacia.  Appl.  Environ.  Microbiol.  44:  72-78. 

McCormick.  D,    1985.  One  bug's  meal.  Biotech nol.  3:  429-435. 

MISA  Priority  Pollutants  Task  Force.  1987.  Development  of  an  Ontario 
eflluent  monitoring  priority  pollutants  list  (Draft),  Ontario 
Ministry  of  the  Environmeni. 

MOE.  1982.  Hazardous  contaminants  program:  chemical  identification. 
Ontario  Ministry  of  the  Environmeni. 

Ouellette,  R.P.,  and  P.N.  Cheremisinoff.  1985.  In  Applications  of 
Biotechnology,  Technomic  Publishing  Co.,  Inc.  pp,  153-161. 

Paris,  D.  F..  D.  L.  Lewis,  and  J.  T.  Barnetl.  1977.  Bioconcentration  of 
toxaphene  by  microorganisms.  Bull.  Environ.  Contam.  Toxicol.  17: 
564-571. 


93 


Proulx,  I..  R.  N.  Farvolden  and  E.  O.  Frind.  1987.  Dispersion  of  the 
Stouffeville  contaminant  plume.  In  Proceedings  of  the  MOE  Tech. 
Transfer  Conference,  Part  C,  Toronto.  Ontario  Ministry  of  the 
Environmenl.  Nov.  30  -  Dec.  1. 

Richards,  D.  J.,  and  W.K.  Sheih.  1986.  Biological  fate  of  organic  priority 
pollutants  in  the  aquatic  environment.  Water  Res.  20:  1077-1090. 

Roberts,  L.  1987.  Discovering  microbes  with  a  taste  for  PCBs.  Science,  237: 
975-977. 

Schlegel,  H.  S.,  and  H.  W.  Jannasch.  1967.  Enrichment  cultures.  Annu.  Rev. 
MiCTObiol.  21:49-69. 

Sibul,  U.  1987.  The  identification,  assessment  and  abatement  at  old  waste 
disposal  sites.  In  Proceedings  of  the  First  Annual  Hazardous 
Materials  Management  Conference  of  Canada.  Toronto,  Sept.  9- 
llth.  Tower  Conference  Management  Co.,  Wheaton,  IL.  pp.  254- 
257. 

Slater.  J.H.,  and  D.  Lovatt.  1984.  Biodegradatron  and  the  significance  of 
microbial  communities.  In  Microbial  degradation  of  organic 
compounds.  Edited  by  D.T.  Gibson.  Marcel  Dekker,  Inc.  New 
York.  pp.  439-485. 

Steiert,  J.G.,  and  R.L.  Crawford.  1985.  Microbial  degradation  of  chlorinated 
phenols.  Trends  Biotechnol.  3:  300-305. 

Summers,  A.  O,,  and  S.  Silver.  1978.  Microbial  transformations  of  metals. 
Annu.  Revs.  Microbiol.  36:  637-672. 

Sundstrom,  G.  1982.  3,4,3',4'-Tetrdchloroazobenzene  and  3,4,3',4'- 
Tetrachloroazoxybenzene.  potent  carcinogens  and  enzyme  inducers 
-  an  overview.  !n  Chlorinated  dioxins  and  related  compounds: 
impact  on  the  environment.  Ediied  by  O,  Hutzinger,  R.  W.  Frei,  E. 
Merian  and  F.  Pocciari.  Pergamon  Press.  New  York.  pp.  337-353. 

Veldkamp,  H.  1974.  Enrichment  cultures  of  prokaryotic  organisms.  In 
Methods  in  Microbiology,  Vol.  3A.  Edited  by  J.  R.  Norris  and  D. 
W.  Ribbons.  Academic  Press.  New  York.  pp.  305-361. 

Vogei,  T.M.,  C.S.  Criddle  and  P.L  McCarty.  1987.  Transformation  of 
halogenated  aliphatic  compounds.  Environ.  Sci.  Technol.  21:  722- 
736. 


94 


Wierich,  P.,  and  P.  Gerike.  1981.  The  fate  of  soluble,  recalcitrant  and 
adsorbing  compounds  in  activated  sludge  plants.  Ecoloxicol. 
Environ.  Safety,  5:  161-171. 

Wilson.  J.  T.,  and  C.  H,  Ward.  1987.  Opportunities  for  bioreclamation  of 
aquifers  conlitminated  with  petroleum  hydrocarbons.  Devel. 
Indust.  Microbiol.  27:  109- 116. 


95 


TABLE  1 

CONTAMINANTS  FOUND  IN  LANDFILL  LEACHATES^ 


Comaminani 

Landfill  Sites*' 

Borden 

Woolwich 

North 
Bay 

New 
Borden 

Upper 
Ottawa 
Street 

Tricil 

Aliphatic, 

20 

>  10.000 

>300 

„ 

>1000 

- 

aromatic 

and  carbox- 

ytic  acids 

Carbon 

<i 

5 

<1 

9 

P 

n.d. 

tetrachlor- 

ide 

Chloroform 

<1 

20 

<1 

25 

5 

n.d. 

Trichloro- 

1 

37 

2 

750 

P 

n-d. 

et^lene 
Trichloro- 

n.d. 

7 

<1 

90 

20 

8.44 

eihane 

Tetrachloro- 

n.d. 

2 

<1 

<1 

<1 

n.d. 

ethylene 

Acetone 

<1 

. 

6 

. 

6 

- 

Tetrahyd- 

P 

- 

9 

- 

200 

rofuran 

1,4-Dioxane 

n.d. 

- 

<1 

■ 

P 

(continued) 
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TABLE  1   (Cont'd) 
CONTAMINANTS  FOUND  IN  LANDFILL  LEACHATES 


Contaminani 


Landfill  Sites 


Borden      Woolwich 


North  New  Upper    Tricil 

Bay  Borden         Ottawa 

Street 


Benzene 

.1 

70 

51 

Toluene 

1 

7500 

60 

Xylenes 

<1 

700 

140 

Ethylben- 

<1 

1100 

64 

zene 

n.d. 

10 

250 

Tetramethyl- 

benzene 

Chloroben- 

n.d. 

n,d. 

i05 

zcne 

Dichloro- 

<1 

n.d. 

U 

benzenes 

Naphthalene 

n.d. 

50 

13 

Phenols 

. 

1100 

10 

Benzothio- 

<1 

30 

lU 

zoles 

PAH'S 

- 

- 

n.d. 

Phthalates 

<1 

P 

110 

50 

1400 

500 

120 

70 


n.d- 
n.d. 

260 

J 


60  7920 

2600  9520 
3500 

700  3320 

450 


no 

5 

p 

p 
P 


2350 


n.d. 
P 


^Source:  Barker  era/.,  1987.  , 

''The  approximaie  concentrations  (mg/L)  of  selected  organic  contaminants  found  m 
leachaie  -  contaminated  groudwalers  at  six  landfill  sites. 
p  =     detected  but  concentration  not  estimated 

n.d.        =     not  detected 

=     not  determined 
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TABLE  2 

PHYSICAL,  CHEMICAL  AND  BIOLOGICAL  FACTORS 

INFLUENCING  MICROBIAL  BIODEGRADATION 


I.    Physical  Parameiers 


a)  Temperature 

b)  Alkaiinity/pH 

cj  Moisture  (Water  Activity) 

d)  Salinily 

e)  Oxygen  Availability 
0  Redos  (Eh) 

g)  Soil  Structure  and  Hydrology 

i.     Pollutant  Bioavailability 
-adsorption/ionic  binding 
-solid/liquid  interfaces 
•poliutani  spatial  distribution  in 

ecosystem 


n.  Otemical  Parameters 


a)  Organic  Composition  and  Strength  of  the  Waste 

Feedstocks,  incl. 

i.     Pollutant  Composition 
ii.    Pollutant  Complexity 
iii.  Pollutant  Concentration 

b)  Presence  of  Toxicants 

i.     Toxic  Pollutants 

ii.    Toxic  Metabolic  Intermediates 

iii.  Heavy  Metals 

c)  Nutrient  Availability 

i.      Nitrogen 

-cartx)n:nitrogen  balance 
iL    Macronutrienis  (magnesium,  potassium, 

phosphorous  and  sulfur) 
iii.  Micronuirienis 

•liacc  elements  (e.g.  iron,  zinc  and 

nickel) 

-essential  growth  factors  (e.g.  vitamins, 

amino  acids,  etc.) 


98 


TABLE  2  (Cont'd) 

PHYSICAL,  CHEMICAL  AND  BIOLOGICAL  FACTORS 

INFLUENCING  MICROBIAL  BIODEGRADATION 


111.  Biological  Factors 

a)  Microbial  Inleraciions 

i.  Mutualism,  Competition.  Predation  etc. 

b)  Seed  Cultures  (Bioaugmentation) 

i.  Dose  (Inoculum)  Size  and  Frequency 

c)  Bioaccumulation  Affecting  Bioavailability 
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TABLE  3 

EXAMPLES  OF  POLLUTANT-DEGRADING  MICROORGANISMS 

AND  SUBSTRATES^ 


MICROORGANISM 


POLLUTANT(S) 


Achromobacter 


Acmetobacter, 

Aclinomucor  elcgatv: 

Actinomycetes 

Aerobacter  aerogenes 

Aeromonm 

Agrobacterium 

Alcaligenes 


Anhrobacier 


Asper^llus 


Azotobacter 
BaciUus 

sphaericus 
Betjerincldi 
Brevibaclerium 


Candia  tropicallis 
Chaetomium  globosum 
Chlorobium 

thkaulfaiophilum 
Chromobacter 
Cladosporium 
Clostridium 


halogenaied  hydrocarbons,  hydrocar- 
bons, phenoxyuce  tales. 
WrT-buiylbcrzcne 

dieihyleneglycol,  hydrocarbons,  PCB 
petroleum 

petroleum  hydrocarbons 
benzene 

Ehcnanihrene 
alogenatcd  hydrocarbons 
halogenaied  hydrocarbons,  hydro- 
carbons, linear  alkylbenzcne 
sulfonates,  PCB,  polycyclic 
aromatics 

benzene,  Diazinon,  hydrocarbons, 
pentachlorophenol,  phcnoxyacetates, 

Eiol);cyclic  aromatics,  pulp  mi)l 
igmiis.  various  phenols 
carbamate,  malathion, phcnoxy- 
acetates, pulp  mill  lignins, 
various  phenols 
catechol 

aromatics.  long-chain  alkanes 
phenyl  It  re  as 
anthracene,  biphenyi 
2,4,5,-T,  aromatics.  halogenaied 
hydrocarbons,  phenanlhrene, 
polycyclic  aromatics 

alachlor 

waste  ^psum 

pulp  mill  lignins,  various  phenols 
petroleum  hydrocarbons 
nalogenatcd  hydrocarbons 

(continued) 
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TABLE  3  (Cont'd) 

EXAMPLES  OF  POLLUTA^^^-DEGRADING  MICROORGANISMS 

AND  SUBSTRATES'* 


MICROORGANISM 


POLLUTANT(S) 


Corynebacterium 

Cunninghomella  elegans 
Desulfobacler 

postgateii 
Escherichia  coli 
Flavobacterium 
Fusarium  solani 
Ceotrichum  marinum 

thirumalachar 
Helminihosporium 
Hydrogenom  onus 
Hyphoni  icrohiu  m 
Klebsiella 
Micrococcus 
Moraxelia 
Mycobacteria 

rhodochrous 
Nocardia 


Propionibacterium 

pentocaceum 
Pseudomonas 


halogenaied  hydrocarbons,  pheroxya- 

cetates 

PCB 

waste  gypsum 
organopnosphales 
hydrocarbons,  pemachlorophenol 
pro pan!  I 

petroleum 

carbofuran 

halogenatcti  hydrocarbons 

sodium  meihvl  sulfate,  eic, 

PCB,  loluone 

branched  hydrocarbons,  hydrocarbons 

benzene 

aromalics,  branched  hydrocarbons. 

cycloparatfins 

benzene 

hydrocarbons,  monnalkylbenzenes. 

naphthalene,  phenoxyacetates, 

polycyclic  aro  mattes 

organophosp  hates 
4-alkvUoluenes,  alkyammonium, 
alkylamuie  oxides,  anthracene, 
benzene,  heavy  metals,  hydro- 
carbons, malalhion,  methyinaph- 
ihaienes.  naphthalene,  organo- 
phosphates.  p-cwnene,  p-xylene, 
parathion,  PCB.  peniachlorophenol, 
phenanthrene,  phenoxyacetates, 
phenvlureas.  polycyclic  aromatics. 
rubber,  secondary  alkvlbenzcnes; 
(continued) 
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TABLE  3  (Cont'd) 

EXAMPLES  OF  POLLUTANT-DEGRADING  MICROORGANISMS 

AND  SUBSTRATES^ 


MICROORGANISM 


POLLUTANTfS) 


aeruginosa 

cepacia 

cepacia  var. 
niagarous 

fluorescens 

paucimobilLs 

putida 

slrutzeri 
Rliizoctonia  solani 
Rh'aopus 
Scolecob  asidium 
Serratia  marascens 
Strain  DCBI  (Tiedge) 
Streptococcus  faecmis 
Streplomyces 

Thiobaciilus 
ferroxidans 
Trichosporon 
Xanlfiomorjas 

Zylerion  xylesirix 


oleaginous  materials,  pulp  by- 

prooucis 

halogenated  hydrocarbons,  2,4,5-T 

halogenated  hydrocarbons 

chromates,  surfactants 

cyanides,  ihiocyanaies 

phenolics,  toluene 

orcinol 

alachlor,  phenylurca 

PCB 

petroleum  hydrocarbons 

bis  (2-ethylhexyl)  phthalate 

chlorobenzoate 

organophosphaics 

diazinon,  halogenated  hydrocarbons, 

phenojtyacctales 

sulfur 

pulp  mill  lignins,  various  phenols 

hydrocarbons,  polycyclic  aromatics, 

pulp  mill  lignins,  various  phenols 

cyclodiene  type  pesticides/ 

herbicides 


^Sources:  McCormick,  1985;  OueUette  and  Cheremisinoff.  1985. 
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TABLE  4 

BIODEGRADATION  ENHANCED  BY  THE  INTERACTION  OF 

MICROBES^ 


ORGANISMS 


COMMENTS 


Hydrogenomonas  sp.  and 
Arthmhacter  sp. 

Pseudomunas  sp.  and 
Achromobacter  sp. 


Bacillus  pofym^  and 


Chlorobium  limicola  and 
Desulfovibrio  sp. 


Sacduxromyces  cerevisiae  and 
Lactobtidltus  casei 

Nitrosomonas  sp.,  Nocardia 
altanlica  and  Pseudomonas  sp. 


Lactobiicillui  plansanini  and 
Streptococcus  faecalis 


Pseudomonas  sp.,  unident- 
ified bacierium,  Trichodenna 
viride.  Ps.  putida.  budding 
yeasi,  Fiavobacterium  sp. 
and  unidentified  pitfiidonionoJ 


A.  grew  on  p-chliirophenvlaceiic 
aciu  produced  from  DDT"  by  H. 

The  pair  grew  on  Silvex"-'.  but 
not  tne  individual  sirain.s. 
Chloride,  CO?  and  a  small  amount 
of  2,4,5-irichliirophenol  wa.s 
produced. 

P.  produced  nicotinic  acid 
required  by  B.;  B.  produced 

bioiin  required  by  P. 

C.  used  HS'  ai^lectron  donor  _ 
producing  804"';  D.  used  SO4 
as  electron  acceptor,  producing 
HS". 

S.  produced  riboflavin  rcijuiied 
byL 

The  conversion  of  NH4  ■*  to  NO2" 

by  Nit.  increased  in  the 
presence  of  Noc.  and  V. 

L.  produced  folic  acid  required 
byS.;  S.  produced  phenyla- 
lanine required  by  L 

The  first  four  organisms  were   . 
primary  degraders  of  Dalapon  . 
The  others  grew  on  the  waste 
products  of  the  first  four. 
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TABLE  4  (Cont'd) 

BIODEGRADATION  ENHANCED  BY  THE  INTERACTION  OF 

MICROBES^ 


ORGANISMS 


COMMENTS 


Metlumobaclerium  sp.  and 

"S"  organism 


Methanobacierium  sp.  and 
Desulfovibiio  demlfuricans 


Pseudomonas  putida  and 
Fieudomonas  sp. 


Three  pseudomonads  and 
ffyphomicrobium  sp. 


"S"  fermemed  eihanot  lo  H2; 
M,  used  Ht  for  growth  and 
methane  formauon, 

D.  released  acetate  which  was 
fermented  by  M.  to  produce 

methane. 

The  mixed  cuUure  used  polyvinyl 
alcohol  as  sole  carbon  source, 
the  isolated  strains  could  not. 
Ps.  sp.  degraded  PVA  but 
required  growlh  factors  from  P. 
put.;  P.  put.  grew  on  PVA 
meiaboliies  from  Ps.  sp. 

The  pseudomonads  oxidized 
methane;  H.  used  ihe  methanol. 
preventing  its  accumulation  to 
levels  thai  inhibit  the 
pseudomonads, 


^Daia  complied  by  Johnston  and  Robinson,  1984 
"DDT  =  l.l.l-Trichloro-2,2-bisf/J-chtotophenyI]elhane 
SSilvex  =■  2-[2,4,5-TrichlorophcnoxY]pr«pionic  acid 
'^alapon  =  2,2-Dichloropropionic  acid 
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TABLES 

CHARACTERISTICS  OF  AN  IDEAL  COMMERCIAL  SEED 
CULTURE 


1 .  Increased  expression/activity  of  degradadve  pathways. 

2.  Increased  substrate  utilization  range. 

3.  Ability  of  seeded  microorganisms  to  successfully  compete/ 
establish  themselves  in  the  intended  ecosystem. 

4.  Tolerance  of  toxicants  in  the  intended  ecosyslem. 

5.  Ease  of  handling  and  application. 

6.  Shelf  life  stability. 

7.  Non-pathogenic/ free  of  risks. 

8.  Cost-effective  (low  dose  size  and  low  application 

frequency). 

9.  Readily  available  from  supplier. 
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ABSTRACT 


Evaluation  o{  Phase  Partitioning  Kinetics 

at  Waste  Land  Treatment  Sites 

by  D.E.  Hockley  and  W.J.  Snodgrass 


This  research  is  examining  phase  partitioning  kinetics  of  organic  compounds  among  soil 
water,  soil  gas,  oily  sludge  and  soil  solids  phases.  These  compounds  are  introduced  into 
soil  systems  by  the  application  of  oily  sludges  al  land  treatment  sites  of  petroleum 
refineries.  C-l't  tracer  techniques  are  being  used  to  e>/aluate  phenol,  toluene,  and  2- 
methyl  naphthalene  interphase  transfer  using  both  batch  and  column  techniques.  FJow- 
interruption  techniques  have  merit  tor  soil  toJumns  compared  to  continuous  injection. 
This  paper  is  limited  to  defining  techniques  and  giving  representative  results,  as  work  is 
ongoing.  The  results  of  this  work  are  being  used  to  assess  the  local  equilibrium 
assumption  of  conventional  assessment  models. 

1.     Introtbctioa 

CXir  present  understanding  of  the  persistence  and  migration  ol  toxic  orgarics  in  industrial 
waste  land  treatment  systems  is  limited  by  several  deficiencies.  One  major  deficiency  is 
our  understanding  of  the  rate  of  release  ol  toxic  organics  from  the  relatively  immobile 
soil  and  waste  phases  to  the  highly  mobile  water  and  air  phases  of  the  unsaturated  zone. 

In  land  treatment  systems,  many  nonsteady-state  processes  occur.  Intermittent 
application  of  waste,  periodic  rainfall,  adsorption,  desorplion,  volatilization,  and  the 
release  of  toxic  contaminants  from  the  applied  waste  are  examples  of  nonsteady-state 
processes.  In  the  past,  the  behaviour  of  operating  sites  has  been  analysed  using 
mathematical  models  which  employ  steady-state  or  time-invariant  approximations  for 
many  of  these  processes  (e.g.,  EPA's  RITZ  land  treatment  model).  Nonsteady-state 
processes  may  be  important  for  evaluating  decommissioning  and  clean-up  of  abandoned 
sites.   The  validity  ol  these  approximations  is  the  subject  of  this  research. 

The  broad  objective  of  this  study  is  to  define  and  evaluate  nonsteady-state  effects  in 
industrial  waste  land  treatment  systems  with  particular  reference  to  the  mobility  of 
loxic  organics  in  decommissioned  sites.   The  research  includes; 

1}  a  determination  of  the  kinetics  of  adsorption,  desorption,  volatilization,  and  waste 
solvent  -  water  partitioning  for  three  toxic  organics  applied  in  the  form  of  oily 
wastes  CO  two  operating  land  treatment  sites;  and 

2)  a  formulation  of  a  mathematical  model  of  four-phase  {soil,  water,  air,  waste) 
partitioning  which  includes  kinetic  effects,  and  its  comparison  to  the  local 
equilibrium  assumption.  Future  work  will  need  to  include  an  evaluation  of  soil 
column  results  under  conditions  of  intermittent  infiltration  and  nonsteady-state 
waste  application. 

The  work  reported  in  this  paper  is  ongoing  at  tlie  time  of  writing.  Accordingly,  this 
paper  is  limited  to  defining  the  techniques  being  used  and  to  giving  related  results. 
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Z.     Literattre  Review  and  Conceptual  Model 

Previous  research  into  the  (ate  of  toxic  organics  in  »oil  systems  has  primarily  locused  on 
pesticides  (relerences  1-t).  Mudi  of  this  research  has  attempted  to  include  sorption 
kinetics  and  other  non-equilibrium  effects  (2).  Some  studies  have  included  the  ait  phase 
and  the  possibility  of  volatiii nation  (3).  Very  recent  research  has  examined  the  effect  of 
discontinuous  infiltration  and  found  that  greater  leaching  was  observed  under  steady- 
Slate  flow  conditions  than  under  non-steady  conditions.  The  authors  hypothesized  that 
the  herlacides  tested  were  allowed  to  migrate  to  more  stable  adsorption  sites  during  the 
no-flow  intervals  (f).  These  recent  findings  support  earlier  theories  that  soil-water 
partitioning  may  be  a  two-stage  process  which  cannot  be  properly  modelled  without 
considering  kinetic  effects  (2). 

The  behaviour  of  industrial  and  municipal  contaminants  in  groundwater  has  been  an 
active  field  ol  research  by  hydrogeologisU  (5).  Some  of  this  research  has  demonstrated 
kinetic  effects  (6).  Unfortunately,  the  absence  of  an  air  phase  and  the  resulting  physico- 
chemical  differences  mean  that  many  of  the  phase-par titioning  findings  from 
groundwater  studies  need  to  be  re-examined  to  determine  their  applicability  to  surface 
soil  problems. 

Phase  partitioning  is  also  an  impwiant  topic  in  other  fields  ol  environmental  research. 
The  correlation  of  partitioning  parameters  with  other  chemical  properties  has  been 
examined  (7).  The  sensitivity  of  water  quality  models  to  partitioning  parameters  has 
prompted  interest  in  models  which  include  kinetic  effects  and  two-stage  adsorption  in 
bed  sediments  (8).  A  refreshingly  different  approach  to  phase  partitioning  has  been  the 
fugacity  methods  currently  receiving  much  attention  (9). 

Research  into  the  land  treatment  of  toxic  wastes  is  complicated  by  the  presence  of  a 
fourth  phase,  the  solvent  in  which  the  wastes  are  applied  to  the  site.  Recent  work  has 
focused  on  the  treatability  of  wastes  under  different  soil  and  operating  conditions  and 
the  development  ot  comprehensive  models  (10-12).  These  models  deal  only  with  time- 
averaged,  steady-State  l>ehaviour  of  operating  sites  and  they  presently  rely  on 
assumptions  ol  instantaneous  phase  partitioning  equilibrium. 

A  conceptual  model  of  the  four  phases  is  given  In  Figure  1.  The  contaminant  ol  concern 
is  initially  applied  to  the  land  system  in  a  relatively  immobile,  oily  sludge  form, 
SiAsequent  redistribution  transfers  the  contaminant  into  water,  air  and  soil  phases.  The 
contatninant  is  transported  out  ol  the  plow  zone  by  gaseous  diftusionai  processes  and  b> 
infiltrating  rain  water.  Due  to  intimate  conUcI  between  soil  water  and  all  other  phases, 
land  treatment  systems  commonly  consider  Interchange  between  the  following  phases: 

i)  waste  -  water  (K^); 
ii)  air  -  water  (KJiand 
ill)      soil  -  water  (Kj). 

The  coefficients  indicated  in  Figure  1  are  the  equilibrium  description  of  interphase 
relationships.  Waste-air  and  soil-air  Interchange  appear  to  be  negligible  except  in 
extremely  dry  conditions.  Movement  of  contaminants  in  aqueous  ;*ases  is  assumed  to 
occur  only  with  advectlon  dispersion  processes  associated  with  water  transport  due  to  the 
relative  immobility  of  the  waste. 
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3.  Batch  UeOttKh  for  Detertnming  Phase  Petitioning  Coefficienb 

A  sei  of  batch  procedures  lor  determining  equilibrium  and  kinetic  phase  partitioning 
coefficients  were  developed  and  tested.  The  methods  use  carbon-i4  tracers  to  allow 
accurate  and  inexpensive  measurement  of  concentrations,  A  typical  procedure  involves 
adding  carbon-lU  labelled  compound  to  a  reactor  containing  tv^o  of  the  phases.  The 
reactor  is  tumbled  lo  allow  equilibration  and  then  centrifuged  to  separate  the  phases. 
Both  phases  are  then  analysed  to  determine  the  concentration  in  each  over  time. 

Pliase  partitioning  data  obtained  from  batch  tests  violates  some  of  the  underlying 
assumptions  of  ordinary  linear  and  non-linear  least  squares.  Previous  work  has 
demonstrated  that  the  application  of  ordinary  regression  methods  to  Kjch  data  can 
produce  very  poor  estimates  of  equilibrium  parameters.  A  method  known  as  error-in- 
variables  method  or  EVM  was  used  to  analyse  our  data.  The  results  are  shown  as  black 
lines  m  Figure  2  (13)  for  toluene  in  sludge  and  soil  from  a  refinery  waste  land  treatment 
facility  near  Nanticoke,  Ontario.  They  are  maximum  likelihood  estimates  of  the 
equilibrium  phase  partitioning  coefficients.  The  EVM  approach  can  also  be  used  (or  non- 
linear isotherm  models.  It  reduces  to  simpler  regressioru  when  they  are  appropriate. 
Criteria  for  choosing  the  best  regression  method  can  be  obtained  by  starting  with  an  EVM 
formulatiori. 

Kinetic  effects  were  evaluated  in  a  batch  system  (or  all  of  tlie  interphase  transfers 
indicated  in  Figure  I.  Primary  emphasis  was  placed  upon!  air-water,  soil-water,  and 
sludge-water.  Results  from  the  equilibrium  measurements  were  used  to  estimate  rate 
coefficients  and  then  a  mathernaticai  model  of  interphase  kinetics  for  batch  systems 
used  10  establish  the  most  appropriate  experimental  conditions  (e.g.,  solid:solution 
ratio).  A  rigorous  quality  control  program  allowed  evaluation  of  the  various 
uncertainties  of  the  measurements. 

The  results  of  these  batch,  laboratory  scale  experimenta,  indicated  that  air-water 
transfer  is  at  equilibrium  for  three  compounds  (pher>ol,  toluene,  2-methyl  naphathlene) 
withm  1-2  hours.  Scale-up  to  field  scale  considering  the  large  difference  in  surface  area 
suggests  that  equilibrium  is  attained  within  a  Jew  minutes.  Evaluation  oE  sludge-water 
kinetics  was  made  by  injecting  the  three  C-tl  labelled  compounds  into  the  sludge  phase. 
The  kinetics  (Figure  3)  were  relatively  noisy  due  to  the  small  amounts  of  sludge  (0.1  to  10 
g)  typically  used.  The  small  amounts  are  required  ck  peri  men  tally  due  to  their  relatively 
large  partitioning  into  the  oil/sludge  phase.  The  data  suggests  that  equilibrium  was 
obtained  within  an  hour  for  the  3  organic  compounds  tested  in  these  mixtures, 

4.  Column  MettKxIs  for  Determining  Phase  Partitioning  Coefficients 

Column  breakthrough  curves  allow  better  estimates  of  water-solid  partitioning  kinetics 
than  do  batch  techniques,  A  tritium  pulse  is  first  used  to  evaluate  residence 
time/dispersion  mechanisms  and  then  C-H  tracer  applied  to  evaluate  partitiorung 
kinetics.  Both  continuous  injection  and  flow-interruption  techniques  (Figure  4)  have  been 
used  experimentally. 

These  conventional  techniques  can  be  used  (or  weakly  sorbing  substances.  But  strongly 
sorbing  substances  (eg.,  3-methyi  naphthalene)  have  extremely  long  residence  times  of 
the  order  of  a  month  or  more,  espeaally  in  high  organic  matter  clay  soil.  A  co-solvent 
approach  (lit,  15)  was  used  to  increase  migration  times  by  increasing  the  tendency  for  the 
chemical  to  partition  into  tlie  fluid  phase.  Results,  given  in  Figure  5,  demonstrate  that 
co-so|v«nt  data  can  be  extrapolated  to  aqueous  systems. 
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).     Application  of  Remits 

The  application  ol  these  results  ol  this  study  is  directed,  at  present,  to  evaluating  the 
limitation  ol  models  which  assume  equtlbrium  partitioning. 

A  v«ry  practical  problem  which  can  limit  the  applicability  of  these  models  is  Ihe  spatial 

variability  ot  soil  systems  and  hence  of  the  phase  partitioning  coeflicients.  Soli  and 
waste  samples  from  ten  locations  at  the  Nanlicoke  treatment  site  have  been  analysed  to 
deetermine  the  spatial  variability  of  model  parameters.  Preliminary  calculations  show 
that  tiie  etfea  of  phase  partitioning  can  affect  predicted  infiltration  by  100%. 

The  local  equiiibrium  assumption  (LEA)  can  be  assessed  by  examining  combinations  of 
transport  velocity  and  the  rate  at  whidi  partitioning  equilibrium  is  attained.  One  form 
of  the  results  is  ^ven  in  Figure  6.  It  shows  the  region  of  LEA  applicability  lor  modelling 
Steady-state  saturated  flow.  For  example,  this  chart  can  be  used  to  relate  sorption 
kinetics  onto  soil  to  rates  of  water  movement.  Simultaneous  inter -relations  hips  ot  ail 
four  phases  can  be  evaluated  using  a  transport  model. 
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figure  3.  Results  of  sludge— water  botch  kinetjca  study. 
Y-axis  shows  Initial  concentration  (C-Co)  at 
y-1,  equilibrium   (C-Ceq)  at  y-O. 
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figure  4.   Example  of  flow-interruption  btc.   Row  stopped 
from   45  minutes  to   105  minutes.   Decrease 
in  effluent  concentration  after  interruption  is 
evidence  of  non— equilibrium  effect 
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figure   1.  Phase  partitioning  and  tronsport 
in  kind  treatment  systems. 


figure  2.   Phase  partitioning  isotherms  for 
toluene  (batch  resutta). 
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figure  5.  Effect  of  cosolvent  on  soil-water  equilibrium 
coefficients.  Note  that  log—linear  relationship 
allows  extrapolation  to  aqueous  conditions. 
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figure  6.  Region  of  LEA  applicability  for  modelling  sorption 
in  steady,  saturated  flow.  Y-axis  shows  ratio  of 
reoction  rote  (r)  to  transport  time  scale  (V/RL). 
X— axis  shows  ratio  of  retardation  foctors  with  (R1) 
and  without  (R2)  the  kJnetlcally  controlled  phase. 
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Abstract 

landfill  leachaKmay  contain  a  variety  of  toxic  inOTganic  and  organic  contaminants  thai  arc 
difriculi  to  ireai  by  conventional  processes,  A  potential  two  stage  precipiiaiion/microfiliraiion  (MF1 
and  reverse  osTnoa*  (RO)  process  has  been  evaluated  for  its  suitability  in  the  treatment  of  landfU! 
leachale.  Experiment  demonstrated  that  the  precipitation/niicrofiltraiion  process  can  be  used  to 
remove  suspended  solids,  metals  and  hardness  from  raw  leachate  water  generating  a  product  stream 
suitable  for  further  treatment  by  reverse  osmosis.  Membrane  fliix  varied  greatly  with  the 
prccipitmion  mcdiods  used  but  a  stable  flux  of  170  liieiVm-Zhour  ILMH)  was  obtained  at  recoveries 
of  up  to  80%.  Reverse  osmosis  experimcnu  demonstrated  the  capability  of  RO  in  removing 
residual  organics  and  dissolved  solids.  Total  organic  carixin  (TOC)  and  conductivity  of  5(X)  mg/l 
and  7.6  micromhos  in  the  feed  to  the  RO  were  reduced  to  30  mg/1  and  0.2  micromhos  in  the  RO 
permeate.  Stable  flux  rates  in  excess  of  27-30  LMH  were  obtained  at  recoveries  up  to  50%  with 
leachate  ueated  by  microfiltration.  The  processes  evaluated  can  also  be  useful  in  the  treatment  <tf  a 
variety  of  complex  industrial  waste  streams. 

I.O      Introduction  and  Background 

In  recent  years,  the  occurrence  of  a  wide  variety  of  wganic  wid  inorganic  contaminants  in 
ground  and  surface  water  has  become  recognized  as  a  significant  environmenial  concern  by 
regulatory  agencies.  Toxic  and  hazardous  compounds  can  originate  from  landfill  Icachatcs  as  a 
result  of  the  soluble  components  of  solid  and  liquid  wastes  being  leached  into  surface  and 

groundwater. 
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Oficn  these  landfill  leachaies  arc  comparable  to  complex  industrial  wasie  streams  which 
contain  both  toxic  organic  and  inorganic  contaminants.  In  cases  where  drinldng  water  supplies  njay 
be  impacted  «■  where  there  is  surface  breakout,  remedial  actions  must  be  undcitalttn.  At  some 
landfill  sites  Icachate  which  is  colleaed  is  discharged  to  municipal  sewers  for  treatment  in 
conventional  sewage  treatment  processes-  Ai  other  landfill  sites  where  sewer  lines  are  not  available 
the  Icachate  water  may  be  hauled  off  site  for  treatment,  may  be  recycled  back  lo  the  landfill  site  or 
may  be  discharged  lo  a  surface  water  source.  Hauling  leachaw  for  treatment  by  conventional 
processes  is  exp«isive  and  new  regulations  may  limit  the  discharge  of  such  complex  wastes  lo 
municipal  sewers  since  the  nature  of  the  contaminants  are  often  not  appropriate  for  treatment  in 
conventional  municipal  biological  processes.  Recycling  Icachate  within  the  landfill  site  itself  can 
reduce  the  amount  of  liquid  leaving  the  site  bat  can  only  provide  a  shon  terra  solution.  Effective 
and  inexpensive  methods  of  treating  the  maienal  need  lo  be  developed. 

Cross  flow  filtration  processes  including  microfiliraiion  (MF),  ultrafiltration  (UF)  and 
reverse  osmosis  (RO)  have  been  applied  to  the  treatment  of  a  wide  variety  of  industrial  waste  water 
streams.  Microfiltration  processes  with  a  filtration  size  of  0. 1  to  1 .0  microns  remove  suspended 
solids  which  are  not  easily  settled  and  have  been  applied  lo  the  treatment  of  many  wastewaters.  In 
particular  they  have  been  successfully  employed  in  the  treatmcni  of  meta!  contaminated  wastewater 
as  the  solids  removal  step  after  chemical  precipitation  of  toxic  metals.  The  MF  process  provides 
assured  discharge  water  quality  and  is  less  susceptible  to  upset  conditions  than  conventional  solids 
renKtvat  processes. 

Ultrafiltration  processes  which  operate  in  a  smaller  filtration  range  (0.002  -  0. 1  microns)  are 
commonly  used  for  the  concentration  of  wasttwaie'  containing  emulsifi«l  oils  or  large  molecular 
weight  orgaiuc  contaminants. 

Reverse  Osmosis  processes  with  a  filn^tion  range  of  less  than  0.002  microns  are  used  fw  the 
removal  of  dissolved  solids  and  organic  contaminants.  Considerable  work  has  been  done 
evaluating  the  use  of  RO  for  the  removal  of  problematic  compounds  in  a  variety  of  waste  streams. 
Some  of  dicse  include  wastewater  from  electroplating,  petroleum,  petrochemical,  pulp  and  paper 
and  food  processing  plants.  Researchers  have  also  investigated  the  possibility  of  using  inverse 
osmosis  fcr  the  treatment  of  landfill  Icach^ucs. 
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Oiian  and  DeWallc(l976)cif  Ihc  University  of  lliinois  studied  leachaic  characieri sties  and 
related  these  findings  to  the  mosi  effective  rrcatmcni  method  to  utilize.  Data  analysis  of  ihc  ratios  of 
parameters  such  as  BOD/COD  and  COD/TOC  revealed  that  the  Icachatc  from  young  landfills 
containing  mainly  free  volatile  fatty  acids  can  be  degraded  by  biological  irjeans  whereas  old  fills 
containing  refractory  organics  were  more  ciTcctively  treated  using  physicaVchemical  methods.  They 
also  concluded  that  of  all  the  physical/chemical  methods  evaluated  reverse  osmosis  membrane 
treatment  was  the  most  cffccEive  in  removal  of  COD  from  Icachaie  water.  They  also  excluded  that 
approi>riate  prctreamient  of  leachaic  prior  to  reverse  osmosis  processing  would  be  necessary  to 
pre\eni  severe  mcmbianc  fouling. 

Slater  of  Manhattan  College  and  Ahlcn  and  Uchrin  of  Rutgers  University  (1983)  investigated 
different  treatn>eni  trains  in  conjunction  with  RO  to  treat  landfill  Icachaies.  Pretreatment  consisted 
of  the  removal  of  hulk  oil  using  gravity  separation,  coagulation  using  lime,  recarbonaiion,  then  pH 
adjustment  with  sulfuric  acid.  After  each  chemical  addition,  the  precipitate  was  allowed  to  settle 
before  the  supernatant  was  sent  to  the  next  treatment  stage.  The  feed  to  the  RO  contained  16,400 
mg/l  of  TDS,  26.400  mgfl  of  COD.  and  8,480  mg/1  of  TOC.  The  product  watw  from  the 
pretreamieni  train  still  contained  die  majority  of  the  organic  matter  and  the  inorganic  salts.  RO 
treatment  effectively  removed  98%  of  the  TDS.  68%  of  the  COD.  and  59%  of  the  TOC.  The 
permeate  flux  averaged  7.5  LMH.  Another  pretreatment  train  invesiigaied  by  these  researchers 
(Slater  et.al.  1986)  involved  lime  coagulaiion.  recarbonatior!.  scdimcniation.  biological  treatment 
and  filtration  prior  to  RO.  The  RO  unit  was  operated  in  concentration  iTKxie.  The  initial  feed  TDS 
and  T(X"  were  13,180  mg/1  and  1 10  mg/1  respectively.  Treamient  by  RO  was  found  lo  be  effective 
with  an  average  TDS  removal  of  over  99%-.  TOC  rejection  increased  during  the  testing  from  70.8% 
to  94.7%.  The  pcmicaic  flux  averaged  12LMHaiarecovery  level  (percent  of  feed  flow  discharged 
as  clean  water)  of  63%, 

In  Canada,  Environment  Canada  is  the  only  public  agency  which  has  rcccmty  investigated 
RO  foi  related  applications.  Over  the  last  few  years,  a  mobile  self-contained  RO  unit  has  been  used 
by  researchers  at  the  Environmental  PrMectiwi  Service  (EPS)  lo  demonstrate  RO  technology. 
Testing  of  this  RO  units  at  a  municipal  landflli  site  containing  haiardous  wastes  from  government 
laboratCHies  demonstrated  thai  RO  was  an  efficient  method  for  concentrating  dilute  organic  Icachates 
(Whittaker  et.al.,  1985).  High  removals  of  organic  contaminants  such  as  1,1-dichlorocihane 
(85.3%),  1,2  dichlorocthanc  (85.5%),  diethyl  ether  (77.2%),  1 .4-dioxin  (86.6%)  were  achieved  at 
recovery  levels  in  excess  of  90%. 
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This  cmrent  projea  involves  the  aesessmeni  of  a  two  stage  process  for  the  trcatmcm  of 
landfill  leachaies  involving  precipitation  and  microfiltration  for  removal  of  ionic  metals  and 
suspended  solids  and  concentration  of  residual  organics  by  reverse  osmosis.  The  first  step 
precipiiation/microfiliration  provides  a  simple  prcircaoncni  process  prior  lo  RO,  The  solids 
generated  in  this  first  stage  of  the  process  can  bedcwatered  in  a  plate  and  frame  or  similar  fUter 
pres.s  and  solidiried  prior  lo  final  disposal.  The  treated  water  is  free  of  suspended  solids  which  if 
^cseni  would  cause  problems  in  the  operabtm  of  the  RO  system. 

The  RO  process  concentrates  the  residual  organics  and  dissolved  solids  and  generates  a 
treated  water  stream  with  only  very  low  levels  of  organic  contaminants.  The  concentrated  oi^anics 
may  be  recycled  back  to  the  landfill  site  where  natural  biological  activity  will  degrade  much  of  the 
organic  fraction.  The  biological  activity  will  be  etihanced  as  a  result  of  the  reduced  level  of  metals 
vAach  can  inhibit  biological  degradation.  The  clean  water  discharged  will  balance  the  water  input 
via  rainwater  to  allow  ft^  long  term  recycle  of  leachaie  without  excessive  build  up  of  water  at  Che 
site.  A  process  flow  schematic  for  the  proposed  process  is  shown  in  Figure  1.1. 

This  work  has  been  conducted  to  evaluate  the  efficiency  and  detennine  operating  parameters 
for  each  of  the  steps  in  the  process. 


2.0     Experimental  Program 

2. 1  Mtcrofiltraticxi  Experiments 

Microfiltration  experiments  were  ctmducted  using  samples  of  leachaie  collected  from  a 
landfill  site  in  Southern  Ontario.  The  test  equipment  consisted  of  a  membrane  test  unit  for  1 3  mm 
diameter  tubular  membmnes,  a  50  liter  process  tank,  a  recirculation  pump,  interconnecting  piping 
and  controls  for  maintaining  the  desired  operating  temperature,  pressure  and  flows.  The 
microiiliraiion  membranes  used  were  manufactured  by  ZENON  Environmental  Inc.  The  equipment 
could  be  qieraied  with  the  permeate  recycled  to  the  process  tank  (stability  mode)  or  collected  in  a 
separate  tank  (concentration  mode),  A  sketch  of  the  equipment  used  for  these  tests  is  shown  in 
Figure  2. 1 .   The  membrane  test  unit  allows  For  testing  of  six  individual  300  mm  long  secdons  of 
13  mm  diamcKf  tubular  membranes.  The  membranes  used  were  ZENON  microfiltrmion 
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membranes.  The  fluid  flow  in  ihe  tubes  is  the  same  as  that  used  in  full  scale  tubular  membrane 
modules  and  scale  up  from  the  small  icsi  unit  is  easily  done.  The  flow  though  ihc  1 3  mm  diameter 
tubes  was  maintained  at  12  liters/min.  and  the  inlet  pressure  was  maintained  between  207  -  241  kPa 

(30  -  35  psig). 

Four  different  chemical  prccipitaticKt  treatment  methods  were  used  lo  precipitate  the  metals 
and  other  contaminants,  from  the  raw  ieachnie  water  in  the  five  tests  conducied.  In  the  first  one, 
caustic  soda  (sodium  hydroxide)  was  added  to  the  raw  leachate  to  a  pH  of  10.  In  the  second  and 
founh  test  ihc  pH  of  the  leachate  was  adjusted  to  !0  by  the  addition  of  lime.  In  the  third  test,  ihc 
pH  was  adjusted  to  10  with  lime,  and  20  g/L  of  powdered  aciivaied  carbon  (PAC)  was  also  added. 
In  the  Tifth  and  final  test  the  pH  was  adjusted  to  10  widi  lime.  Soda  ash  (sodium  carbonate)  was 
also  added  in  this  finai  lest  to  assist  in  the  removal  of  calcium  and  magnesium. 

In  the  first  three  experiments,  the  microfiltration  process  was  operated  in  a  stability  mode 
with  jll  the  treated  water  or  permeate  recycled  back  to  the  process  tank.  In  the  final  two 
experiments,  the  permeate  was  collected  and  the  suspctidcd  solids  in  the  feed  were  concentrated  by 
a  factor  of  10   This  concentration  represents  a  90%  recovery  since  90%  of  the  volume  in  ihe  feed 
was  recovered  as  clean  or  treated  water. 

Chemical  ^alyscs  were  conducted  on  the  raw  leachate  samples,  and  permeates  generated. 
Flux  or  permeate  rates  were  measured  and  recorded  at  regular  intervals  during  each  of  the  tests, 
ITie  el  ficiency  of  the  process  in  removaling  metals  and  organic  contaminants  was  evaluated. 

2.2  Reverse  Osmosis  Experiments 

Reverse  osm^s  (RO)  cxperunents  were  conducted  usinf  a  sample  of  leachate  water  which 
had  been  processed  by  the  precipitaiioti/microfiltration  pretreatment.  In  the  pretreatment  the  pH  of 
the  raw  leachate  was  adjusted  to  10  with  the  addition  of  hmc  slurry.  Soda  ash  was  also  added  to 
assist  m  the  removal  of  calcium.  The  resulting  solution  was  then  protxsscd  in  the  tubular 
microllUration  until  90%  of  the  original  volume  of  feed  was  collected  as  pretreated  permeate.  The 
pH  of  the  Ml- permeate  was  adjusted  to  5.5  by  addition  of  HCl  to  reduce  the  poieniial  for  scale 
formation  during  reverse  osmo.sis  concentration.  In  this  cxperimeni  the  MF  permeate  was  also 
spiked  with  peniachlorophenol  to  assess  the  removal  efficiency  of  this  problematic  contaminant. 
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The  test  equiptneni  consisied  of  rwo  spiral  RO  membranes  connected  in  paraliel.  b  190  liter 
process  tank,  a  high  pressure  rcciruulation  pump,  Lmcrconnecting  piping  and  controls  for 
mainiaining  the  desired  operating  temperature,  pressure  and  flows.  As  with  the  MF  cxpcrimcnis  the 
penneate  could  be  recycled  to  the  process  tank  (stability  mode)  or  collected  in  a  separate  tank 
(conccnoaiicm  mode),  A  sketch  of  the  equipment  used  for  these  tests  is  shown  in  Figure  2,2.  The 
spiral  RO  membranes  used  were  obtained  from  Filmicc  (BW30-2514)  and  Nitto-Dcnko 
(NTR-729HF-52B), 

A  statelity  test  and  two  batch  conceniraDon  CKperiments  were  ccxiductcd  to  determine  the  flux 
rates  and  separations  which  could  be  obtained  with  the  two  different  reverse  osmosis  memh^nes. 
The  operating  pressure  of  the  membranes  was  maintained  at  2,750  kPa  and  the  temperature  was 
maintained  at  25''C.  Samples  of  feed  and  permeate  were  collected  and  analyzed  to  determine 
the  separation  of  coniaminants  in  the  RO  process. 


3.0     Results  and  Discussion 

3.1  Microfiltration  Experiments 

The  micTonitraiion  flux  obtained  with  the  ZENON  MF  membranes  during  the  first  three  shon 
duration  MF  experiments  are  shown  in  Figure  3. 1 .  As  can  be  seen  from  the  graph  the  flux  obtained 
varied  greatly  depending  upon  the  precipitation  chemicals  used.  When  lime  was  used  to  adjust  the 
pH  of  the  raw  Icachaie,  the  MF  membranes  exhibited  a  high  flux  of  approximately  254  LMH, 
When  lime  and  powdered  activated  carbon  were  used  together  the  flux  was  stable  at  approximately 
170  LMH,  When  the  pH  was  adjusted  using  caustic  the  flux  was  very  low  at  less  than  42  LMH.  li 
is  apparent  that  the  method  of  chemical  precipitation  has  a  great  impact  on  the  flux  which  is  obtained 
in  the  mitrofiliralion  process.  The  solids  formed  when  caustic  is  used  appear  to  have  a  greater 
tendency  to  adhere  to  and  foul  the  MF  membranes.  The  flux  obtained  with  lime  and  lime  plus 
activated  carbon  are  slightly  lower  tlian  is  normally  obtained  with  the  MF  membranes  in  standard 
metal  precipitation  proc^ses  but  no  abaormal  levels  of  fouling  appear  to  be  occurring. 

The  microfiltration  flux  obtained  during  the  final  two  Imger  duration  MF  experiments  with 
lime  and  lime  plus  soda  ash  are  shown  in  Figure  3.2.  This  graph  shows  the  flux  during 
concentration  of  the  feed  to  one  tenth  its  original  volume  (90%  recovery).  The  flux  for  test  #4  when 
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lime  alone  was  used  was  stable  ai  170  LMH  during  most  of  the  concenmitiOT  cycle.  The  flux  did 
how'cver  decline  rapidly  after  the  80%  volume  reduction  point.  This  loss  in  flux  at  high 
conccntrauon  may  be  die  result  of  fouling  of  the  membrane  which  occurs  when  a  high  concentration 
of  some  sluny  component  is  present.  The  flux  for  test  #5  when  lime  and  soda  ash  were  both  used 
as  precipitation  chemicals  was  stable  near  85  LMH  for  the  latter  half  of  the  concentration  run.  The 
flux  was  lower  than  the  previous  test  but  did  not  decline  during  the  final  concentration  to  90% 
volume  recovery.  As  in  the  first  sei  of  MF  experiments,  the  flux  is  highly  dependent  upon  the 
precipitation  chemicals  used. 

The  performance  of  microfiltTation  membranes  are  affected  by  the  chemicals  used  ^d  by  the 
specific  chemistry  of  die  nxmbr^c  polymer  and  membrane  additives  used.  Certain  additives  can 
repel  particular  compounds  which  may  be  causing  fouling  of  the  membrane  and  allow  for  much 
higher  and  mof«  stable  flux  rates  to  be  obtained.  The  results  obtained  heir  arc  for  one  I}^*  of 
raicrofJtration  mcmtwanc  chemistry  and  c^iimization  of  the  particular  membrane  chemistry  may 
yield  higher  and  more  stable  flux  for  this  particular  application.  Optimization  of  the  dosage  of  the 
precipitation  chemicals  will  also  likely  result  in  improved  membrane  performance. 

The  results  of  chemical  analysis  on  raw  leachatc  and  microfiltratiOT  permeate  firan  the  first 
three  MF  experiments  arc  shown  in  Table  3. 1 .  As  expected  total  suspended  solids  (TSS)  were 
virtually  completely  removed  by  the  microfiliration  process  with  all  of  the  cheimcal  precipitation 
meihod  while  total  dissolved  soilds  (TDS)  shows  almost  no  reduction.  Total  Organic  Carixm 
(TOO  levclswcrereduccd  slightly  (10-  11%)  with  use  of  caustic  and  lime  and  somewhat  nwre 
(M%)  with  the  combined  lime  plus  carbon  trcatmeni.  Total  organic  halogens  (TOX)  were  reduced 
to  a  considerably  higher  degree  than  the  rest  of  the  ca^anic  carbon  panicuarly  when  acbvated  carbon 
was  used  in  addition  to  the  lime.  Calcium  was  removed  almost  completely  when  casutic  (NaOH) 
was  used  to  adjust  the  pH  but  very  Utile  when  lime  (Ca  (0K)2)  which  contains  additional  calcium 
was  used-  Few  metals  were  present  in  the  raw  leachate  sample  but  iron  was  present  at  1 30  ing/I. 
Iron  was  completely  removed  by  microfilcradon  after  treatment  by  all  three  precipiurion  methods 
used.  Xylene  and  toluene  were  present  in  the  raw  feed  and  appear  to  have  been  completely 
removed  in  the  microfiltrarion  process.  This  reduction  may  be  due  to  the  organics  being  associated 
with  solids  which  are  rejected  or  may  be  the  results  of  toss  due  to  volatilization.  Longer  term 
testing  with  large  sample  volumes  will  be  required  to  determine  the  actual  rejection  of  these 
organics. 
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The  results  of  chemica]  aniayais  on  raw  leachates  and  MF  permeate  from  the  founb  and  fifth 
MF experiments  are  shown  in  Table  3,2.  As  was  seen  in  eariier  experimenis,  suspended  solids  arc 
removed  but  dissolved  solids  pass  through  the  microfiltraiion  membrane.  Organic  carbon  was 
reduced  only  slightly  and  organic  halogens  as  measured  by  TOX  were  not  reduced  at  all.  The  major 
difference  in  the  MF  permeate  after  [vetreatment  with  lime  and  lime  plus  soda  ash  are  in  the  levels  of 
calcium  and  alkalinity  which  are  both  significantly  less  when  soda  ash  was  used.  The  addition  of 
soda  ash  has  had  ihc  dc&ircd  effect  of  softening  the  water  to  make  it  more  suitable  tieatmem  in  the 
RO  polishing  process. 

3.2  Reverse  Osmosis  Expwiments 

The  flux  for  the  Filmlcc  and  Nitto  membranes  during  the  two  batch  concentration 
experiments  are  shown  in  Figure  3,3.  The  flux  fc»  the  Filmicc  membrane  remained  virtually  the 
same  for  both  the  concentration  tests  ai  27  -  30  LMH.  Tlierc  was  a  slight  decrease  in  the  flux 
during  the  concentration  but  this  flux  loss  was  recovered  when  fresh  dilute  fe«d  was  processed  in 
the  subse>:iuent  batch.  This  suggests  that  the  flux  loss  was  due  lo  changes  in  the  material  being 
processed  during  concentration  rather  than  serious  fouling  of  the  membrane.  The  flux  for  the  Nitto 
membrane  at  the  end  of  the  first  concentration  run  was  30  LMH  but  increased  significandy  during 
the  second  batch  concentration  to  47  LMH. 

Tlie  mcavcry  during  the  test  was  limited  to  S0%  since  in  this  application  the  coicentraK  may 
be  easily  disposed  of  by  recycle  back  to  the  landfill  site.  The  flux  was  sdll  stable  at  this  M}% 
recovery  level  and  in  other  wastewater  applications  where  disposal  of  concentrate  is  more  difficult  it 
may  be  possible  to  increase  the  recovery  level  without  significant  loss  in  flux. 

E>uiing  each  of  the  batch  concentration  runs,  samples  of  permeate  were  collected  and  the 
conductivity  was  measured.  Table  3.3  shows  the  conductivity  of  the  Seed  and  permeate  collected 
during  the  two  batch  concentration  runs.  The  rejection  of  conductivity  for  die  Fitmtcc  mcmtranc 
WHS  consistendy  99%  or  better.  The  rejection  of  conductivity  for  the  Niito  membrane  was 
considerably  lower  and  decreased  significantly  ai  the  end  of  the  2nd  conccnmiiion  run.  This  loss  in 
conductivity  rejection  and  increase  in  flux  may  be  due  to  some  deterioration  in  the  membrane  as  a 
result  of  exposure  to  the  leachate  soluticHi  or  inay  be  the  result  of  a  small  leak  around  some 
mechanical  seal  in  the  membrane  module  itself. 
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As  a  rcsuli  of  the  consisiem  flux  and  high  conductivity  rejection,  more  dctaUed  chemica] 
analysis  was  conducicd  on  the  permeate  from  the  Filirnec  membrane  generated  during  the  final  batch 
tonceniraiion  icst.  Results  of  this  analysis  arc  shown  m  Table  3-4.  Measurements  of  organic 
content  including  TOC,  BOD  and  TOX  showed  vinual  complete  rejection  (98%)  or  wganic 
compounds.  All  inorganic  compounds  which  were  present  above  the  minimum  deteaion  limit  w  ith 
ilic  exception  of  boron  showed  rejection  of  at  least  97%.  Very  few  heavy  mcials  were  present  in  the 
original  feed  and  those  thai  were  present  were  removed  in  the  precipitation  microfiltraiion 
preireatment.  The  RO  rejected  virtually  all  (98%)  of  the  dissolved  solids  as  measured  by 
conductivity  from  the  RO  feed. 

The  feed  to  the  RO  system  had  been  ^iked  with  peniachlorophenol  (PCP)  and  toluene.  The 

feed  to  the  RO  contained  430  ppb  of  FCP  and  320  ppb  of  toluene.  The  peimeaie  contained  30  ppb 
of  PCP  and  100  ppb  of  toluene  demonstrating  93%  rejection  of  PCP  and  69%  rejection  of  toluene. 

The  reveiw  osmosis  experiments  demonstrated  the  feasibility  of  RO  for  the  concentration  of 
residual  organics  and  dissolved  solids  present  in  the  pcmieaic  from  a  microfiltration  process.  The 
fluK  for  the  Filmtec  membrane  was  stable  through  the  duration  of  the  lesring.  Rejection  of  organics 
as  measured  by  general  parameter  of  TOC.  BOD  and  TOX  was  excellent.  Rejection  of  volatile 
organics  such  as  toluene  were  significant  but  somewhat  lower. 

4.0      Conclusions 

The  results  of  this  work  has  demonstrated  the  feasibility  of  a  two  step  process  for  the 
[fcatmcnt  of  landfill  leachate  containing  a  complex  mixture  of  inorganic  and  organic  contaminants. 
The  first  stage  precipiiation/microfiltration  step  was  capable  of  removing  suspended  solids,  metals 
and  hanlness  from  the  raw  leachaie.  These  contaminants  will  inierfer  with  the  operation  of  RO 
sy;iems  downstream  in  the  process  and  can  reduce  the  rate  of  biodegradation  of  organics  in  the 
leachate  if  biological  treatment  is  used.  The  process  is  resistant  to  upset  and  provides  a  consistent 
high  quality  product  water  required  for  RO  processing.  The  RO  process  has  been  shown  to  be 
capable  of  concentrating  vinuatly  all  the  remaining  organics  and  dissolved  solids  present  from  the 
first  stage  of  treatment  and  generating  a  clean  product  water  with  very  low  levels  of  any  prciblemaiic 
containinatUS.  The  process  of  ]necipiiation/microfiItraiion  can  be  used  for  removal  of  suspended 
scJids,  metals  and  other  coniaminants  in  a  variety  of  wastewater  applications.  With  suitable 
pretreaiment,  reverse  osmosis  can  be  used  as  an  imponani  step  in  the  treatment  of  many  different 
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wasiewaier  streams.  Pilot  testing  of  ihe  proposed  process  needs  to  be  conduaed  lO  coafinn  the 

cfnciency  of  the  process  during  longer  term  operation. 
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FIGURE   1.1 
MkrWUtTMiM  I  kftTM  OsMMii  rroctfi  For  L«.<li«lt  Tff.lmtiH 


FIGURE  2.1 
Flow  Schematic  of  Microfiliralbn  Tcsl  Equipmcm 
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FIGURE  2.2 
now  Schematic  FOt  Reverse  Osmosis  Tcsi  E<iuipmeni 
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HGURE  3-2 
Riu  Rues  for  Looser  Duration  Microniinuion  ExpennicRB 
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TABLE  3.1 
ftodua  Walcr  Quality  for  Micitrfilcrauon  Experiments  1 , 2  &  3 


Parameter 


pH 

TSS  (ppm) 
IDS  (ppm) 
TOC  (ppm) 
TOX  (pph) 
Calcium  (j>pm) 
Mugncsium  ipptn) 
Iron  (ppm) 
Xylene  (ppm) 
Toluene  (ppm) 


Raw  Feed 


6.8 
290 
6930 
1900 

228 
570 
380 
130 
0,11 
0,14 


Tesi#l 


Pamcaic        %  Rejection 


9,7 
6.5 
8530 
1710 

no 

5.7 

200 

0.029 

<0.02 

0,04 


98% 

-23% 

10% 

52% 

99% 

47% 

>99% 

>82% 

71% 


res.#i 


Permeate 


10 
2,7 
5790 
1690 
31.4 
510 
140 
<0,OI 
<0.02 
0.02 


Chemical  Pretrcaimcnt: 
Test  #  1  ■  Caustic  lopHIO, 
Tca#2    LimciopHlO. 
Tea  #3  -LimciopH  10  and  20  g/l  Powdered  ActivaiedCaibon(PAC). 


%  Rejeciion 


99% 
16% 

11% 
86% 
11% 
63% 
>99% 
>82% 
86% 


Test  #  5 


Permeaie     I  %  RcjccuotT 


9.9 
1,5 
4970 

1290 
4.3 
450 
IK) 
<0,01 
<0  02 
<:0,0I 


99% 
28% 
32% 
98% 
21% 
71% 
>99% 
>82% 
>93% 


TABLE  3.2 


Product  Wsier  Quality  for  Microniirauon  Expentnenu  4  A  5 


Parameiet 

units 

TesU 

Test  5                        1 

Raw  Feed 

Petmeaie 

%  Repecuon 

Raw  Feed 

PermeaK 

%  ReiccDon 

PH 

66 

11.9 

7.0 

10.7 

TSS 

(nwi) 

430 

21 

95* 

200 

«0 

70% 

TuibKliiy 

(NTU) 

3.6 

0,47 

87% 

24 

0.6 

98% 

TD5 

(ppm) 

6.100 

6.680 

■  10% 

- 

- 

- 

ConducDvity 

(mmhos) 

S,07 

686 

-35* 

4  14 

4,80 

■16% 

TOC 

(W") 

1.650 

1.400 

15% 

- 

- 

- 

TOX 

<PI*) 

100 

130 

-20* 

- 

- 

- 

COD 

(wm) 

4,700 

4,300 

9% 

- 

- 

- 

BOD 

(ppm) 

3.500 

3.000 

14% 

- 

- 

Ruonde 

(n>m) 

uiKrteronce 

Huetfocnce 

130 

CMonde 

{ppm) 

670 

930 

■39% 

3.600 

Nimie  (tsN) 

<Wm) 

<0.2 

■=0,2 

<0.20 

Bixmude 

(ppm) 

<08 

<0.8 

co.a 

Samt  las  N> 

(n«n) 

0.96 

1,0 

-4% 

1.0 

Phosphaie  <is  P) 

(ivn>) 

<0  8 

<0.8 

<0,8 

Sulfate 

(ppm) 

380 

390 

-J% 

<:1,0 

AUmliniiy    (as  CaC03) 

{ppmi 

2600 

2SD0 

-8% 

240 

Ctlcium 

(ppm) 

JdO 

1100 

-104% 

400 

22 

95% 

Mignesium 

(ppm) 

240 

1 

>99% 

340 

140 

59* 

Sodium 

(ppm) 

430 

420 

2% 

560 

2000 

■257% 

Poiasiium 

(ivm) 

MO 

230 

4% 

250 

260 

-4% 

Aluininum 

(PPn>) 

I 

0.3 

70% 

0.75 

<0,03 

>96% 

Banum 

(ppm) 

0.063 

0.071 

-13% 

075 

0.003 

>99* 

Boron 

(ppm) 

5.2 

4.1 

21% 

5 

3  6 

28* 

Chromium 

(ppm) 

0,15 

<0,1 

>W% 

0.075 

0.012 

84% 

Iror 

(n»m) 

79 

<o.: 

>99% 

75 

0.094 

>99% 

Mani^anese 

(ppm) 

7.1 

2,9 

59% 

4  5 

0.007 

>99% 

Nickel 

(ppm) 

0.15 

<0  1 

>33% 

<0.05 

0-074 

Phosphonis 

(ppm) 

4.7 

2.6 

45% 

3,7 

0.96 

74% 

Silicon 

(ppm) 

12 

1.1 

91% 

10 

3,3 

67% 

Suoniiufn 

(ppm) 

5.3 

1.2 

77% 

5,9 

0.18 

97% 

Tilaiiium 

(ppm) 

0.91 

0.85 

7% 

<005 

<0,01 

Zinc 

(ppm) 

2,4 

^O.i 

>96% 

2 

0,019 

99% 

tiaits  ■  1 2  -  DichlorocitKne 

(Ppf) 

4  1 

<3.0 

>27% 

<10 

<1  0 

l.l-Dichlonietfunc 

(Ppb) 

60 

<3.0 

>95% 

100 

7.2 

93% 

1 ,2~DKhloroahane 

(ppb) 

5.9 

<3-0 

>49% 

25 

2,7 

89% 

Ben/cnc 

(FPb) 

7  1 

<30 

>58% 

59 

5.7 

90% 

Toluene 

(ppb) 

79 

36 

54% 

550 

320 

42% 

Eihyl  benzene 

(ppb) 

42 

3.3 

21% 

79 

1.5 

98% 

Teimchloiouhane 

(ppb) 

8  1 

<3.0 

>63% 

<1.0 

<1  0 

Phenol 

3  9 

1.1 

72% 

Other  Cauons  wcie  less  than  detection  limit. 

Chemical  Pretreaimem: 
Test «  4  .  Lime  us  pH  10. 
Test  #  5  ■  Lime  to  pH  10  &  Soda  Ash. 
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TABLE  3.3 
Conductivicy  of  Revene  Osmosis  Pennuu 


Test 

Peea 

hlmiBc 

Nino                  1 

Ptmeue 

%Re)ea]on 

PwmeJue 

*  Reiecnon 

Concenmiionil 
Concmtnnan  *2 

13.8 

13.3 

0.19 

0.15 

99% 
99% 

1.4 
2.17 

90* 
»4% 

TABLE  3 4 
Product  Waui  Quality  from  Revene  Osmosis  Experiment 


PwncftB 

Unit 

Spited 

Film  tec 

% 

RO  Feed 

Peimeaie 

Reiection 

pH 

6.1 

5.2 

TSS 

(ppm) 

- 

- 

- 

Turbidiiy 

(NTU) 

6 

0.4 

93% 

TDS 

(ppm) 

7500 

- 

- 

Cowjuctivity 

(nunhos) 

7.61 

0.19 

98% 

TOC 

(ppm) 

',500 

30 

98% 

IC« 

(PPb) 

200 

2.1 

99% 

00b 

(ppm) 

5.900 

- 

- 

BOD 

(ppm) 

4.900 

35 

99% 

Riionde 

(ppm) 

130 

3.8 

97% 

CMonde 

(ppm) 

3.600 

36 

99% 

Nithie  (uN) 

(ppm) 

<0,2 

<0.2 

- 

BiT3nude 

(ppm) 

<0.8 

<0.8 

- 

NiEnie  (u  N) 

(ppm) 

1.0 

<0,20 

>K>% 

PttosphaK  (as  P) 

(ppm) 

<0.8 

<0.8 

- 

Sulfate 

(ppm) 

<;I.O 

<1.0 

- 

AUuJiniiy    (as  CaC03) 

(ppm) 

240 

- 

- 

Calcium 

(ppm) 

22 

0.076 

>99% 

Magnesium 

^ipm) 

140 

0.38 

>99% 

Sodium 

(ppm) 

2.000 

40 

9«% 

Potassium 

(Kwi) 

260 

8.2 

97% 

Alumimun 

(ppm) 

<0.03 

<0.03 

- 

Banum 

(ppm) 

0.003 

<0.001 

><6% 

Bonn 

(ppm) 

3,6 

083 

77% 

Chroaiinm 

(ppm) 

0,012 

<0,01 

>16% 

Iron 

(ppm) 

0.094 

<001 

>89% 

Manganese 

arm) 

0.007 

<0.005 

>28% 

>fickel 

(ppm) 

0.074 

<0,0l 

s86% 

Phosphorus 

(ppn>) 

0,96 

<0.l 

>89% 

Silicon 

(ppm) 

3.3 

<0.05 

>9a% 

S[ronuum 

(ppm) 

0.18 

<0,001 

>99% 

Titanium 

(ppm) 

<0.01 

<0-01 

- 

Zinc 

(ppm) 

0.019 

<0,01 

>47* 

l.l-Dichloroeihane 

(PPb) 

7.2 

<1.0 

>S6% 

IJ-Dichlonvthane 

(ppb) 

2.7 

<l.0 

>«3% 

Toluene 

(ppb) 

320 

100 

69% 

TouJ  Phenol 

(trt) 

430 

30 

93% 
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ANAEROBIC  TREATMENT  OF  LANDFILL  LEACHATE 

G.  P.  VUevic,  B.  J.  Forrestal,  A.  Stevenson 

ORTECH  International  (Formerty  Ontario  Research  Foundation) 

Misslssauga.  Ontario 


ABSTRAa 

Leachate  generation  at    landfill    sites  continues   to  be  a   serious 
environmental    problem.        It  is.    therefore,   necessary  to  address   this  with 
a   suitable  treatment  scheme.        The  enhanced  sanitary  landfill    (ESL>  was 
developed  at  ORTECH  (formerly  Ontario  Research  Foundation)  to  provide 
'eachate  treatment  and.   at   the  same  time,    relatively  fast  land 
reclamation. 

A  pilot  scale  anaerobic  digester  was  constructed  and  operated  over  a 
one-year  period  at  the  Begion  of  Peel's  Britannia  Road  Landfill   Site  In 
Mississauga  to  Investigate  the  treatability  of  landfill    leachate.       In 
this  paper,    the  results  of  the  programme  are  presented  and  discussed. 


INTRODUCTION 

The  sanitary  landfill   has  been,  and  continues  to  be  the  principal   means 
of  municipal    solid  waste  <HSW)   disposal    in  Ontario.        Through  improved 
site  selection,   design  and  operation,    both  aesthetic  and  environmental 
pro&lems  have  been  reduced  considerably.        Despite  these  advances, 
groundwater  contamination  by  leachate.    and  toxic  and  combustible  gas 
tjeneration  continue  to  be  problems  at  many   landfill    sites.        Furthermore, 
the  sanitary   landfill    Is  a  land  intensive  process  which  can  have 
significant  economic  and  social   consequences,    particularly  in  growing 
urban  areas.       Uncontrolled  generation  of  gas  and   leachate  prevents 
timely  reclamation  of  the  land  for  subsequent  sale  or  reuse.       Although 
hlogas  abstraction  systems  have  been   installed  at  many   landfills,    there 
are  several    drawbacks,    notably   low  methane  recovery  efficiency  and 
limited  control   of  methane  generation   rates.        In  recognition  of  the  need 
for  additional    pollution  control    for  sanitary  landfills,  ORTECH  has 
developed  the  enhanced  sanitary  landfill. 

THE  ENHANCED  SANITARY  LANDFILL 

The  enhanced  sanitary  landfill  concept  is  based  on  the  premise  that  the 
landfill   should  be  designed  not  as  a  dump,  but  as  a  waste  treatment 
reactor.       This  reactor  must  be  designed  and  operated  in  such  a  way  as  to 
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maKimIze  the  tiiodegradation  rate  of  the  MSH.        It   Is   believed  that  this 
can  best  be  achieved  by  segregating  the  blodegradatlon  process: 
hydrolysis/acldogenesis   in   the  landfill    and  methanogenesls   in  a  separate 
vessel.       Treated  leachate  is  recycled  back  to  the  landfill   to  continue 
the  process.       Saturation  of  the  MSW  is  necessary  to  optimize  the 
process,   thereby  taking  advantage  of  the  full   landfill   active  surface 
area.       By  promoting  methanogenesis  in  an  external   vessel,  accelerated 
and  more  complete  volatl le-fatty-acid  (VFA)  conversion,  and  improved 
methane  yields  and  production  will   result.       It  Is  estimated  from 
published  work  that  the  organic  fraction  In  the  active  landfill   cell   can 
be  largely  degraded  within  five  years. 

PHASE  I:     PILOT  SCALE  DEHONSTRATIOH 

In  order  to  further  evaluate  the  concept  of  the  enhanced  sanitary 
landfill,   a  pilot  facility  was   Installed  at  Peel    Region's  Srltannia  Road 
sanitary  landfill    site  in  Mississauga,        Phase  1  of  this    trial    Is  a 
demonstration  of  the  anaerobic  treatability  of  leachate.   in  an  external 
vessel.       The  treatment  facility  is   Illustrated  in  Figure  1. 

The  reactor  was  a  1.7  ib3,  upflow.   fixed  film  anaerobic  digester, 

constructed  of  flbregUss  reinforced  polyethylene.       The  packing  used  was 
Statlflow's  Modular  PVC  Media,   providing  over  90  «^  of  surface  area  per 
m3  of  volume.        The  reactor  was  operated  with  a  I  L/mtn  recycle  rate 
and  at  a  temperature  of  -  SS^C.       Blogas  was  measured  by  a  cumulative 
liquid  displacement  flowmeter  amd  vented  to  atmosphere.       Leachate  was 
pumped   from  a   landfill   works  common  sump  to  a  1   m^  surface  equalization 
tank.        From  the  equalization   tank.    It  was  pumped  through  a  hot  water 
heat  exchanger  and  brought   to  a  temperature  of  SS'C.        Treated  leachate 
was  discharged  to  the  sanitary  sewer.       The  leachate  was  found  to  have 
sufficient  nitrogen  content  but  was  deficient   In  phosphorus.       As  a 
result,    supplemental   phosphorus  was  added  In   the   form  of  dissolved 
di-ammonium  phosphate. 

The  pilot  facility  was   installed  to  provide  the  necessary  design 
Information  to  scale  up  for  Phase  II  In  which  the  complete  ESL  concept 
will   be  demonstrated.       It  was  believed  that  a  one-year  operating 
duration  would  provide  suitable  data   for  this  objective. 

The  anaerobic  digester  was   seeded  with  anaerobic   supernatant   from 
Misslssauga's  Clarkson  sewage  treatment  plant  In  October  of   1987. 
Throughout  the  remainder  of  the  year  and  into  January  of  1988.   blogas 
production  and  COD  reduction  were  extremely  poor.        it  was    felt  that   this 
was  due.  mainly,   to  an  insufficient  seeding  of  anaerobic  bacteria. 
Conseauently,    in  February,    the  reactor  was   reseeded  with  anaerobic   sludge 
from  Clarkson.       Following  this  reseeding,  digester  performance  quickly 
began  to  improve. 

As  unit  performance  continued  to  improve,    the  organic    loading  was 
Increased   in  an  attempt  to  determine  the  maximum  tolerable   leachate 
throughput.       Table  1   1s  a  suimtary  of  the  digester  performance  data  from 
June  2  to  September  8.   1988. 
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At   the  time  of  writing   this  paoer,    the  most  current  data  available  have 
the  anaerobic  digester  operating  at  an  organic   loading  of  2.1  kg  COD/m^ 
reactor/day,   with  a  hydraulic  retention  time  (HRT)   of  Z.3  days.       COD  and 
BOD  removal    are  in  the  801  and  851  range  respectWely.        Biogas 
production  is  in  the  1000  mL/m)n  range  with  a  methane  content  of  between 
70  and  75t  (v/v). 

The  digester  has  also  demonstrated  the  ability  to  remo^'e  some  heavy 
metals   from  the   leachate  at  varying  removal    efficiencies.        Zn,    B,    Fe, 
Mn,  Ca,  Mg  and  N1    have  all    been  removed  from  the  wastewater  at 
efficiencies   ranging  from  50-951.        It   Is  believed  that   these  metals  have 
been  bioaccumulated  in  the  anaerobic   sludge,  and  this  has  been  confirmed 
by  sludge  metal   scans  which  show  very  high  levels  of  these  particular 
metals. 

Through  the  experimental    program,    the  reactor  has  demonstrated  extreme 
resilience  to  process  upsets.       First  and  foremost,   the  leachate  feed  to 
the  digester  has  been  variable.       Figure  2  Illustrates  the  heterogenous 
nature  of  leachate  COO.       Despite  this,   reactor  performance  did  not 
appear   to  cycle.       Moreover,  other  process  upsets,    such  as   temperature 
control    failure  and  feed  interruption  for  greater  than  60  hours  did  not 
have  a  long-term  effect  on  COO  removal  or  biogas  production.       Hithin  one 
or  two  days,   the  anaerobic  digester  was  operating  at  the  same  efficiency 
as  before  the  process  upset. 

This  characteristic,    along  with  the  relatively  high  alk.alinity  of  the 
Britannia  leachate  (>  3000  mg  CaC03/L)  made  anaerobic  digestion  a 
particularly  suitable  technology  for  treating  Britannia   leachate.        The 
results  of  the  programme  indicate  that  anaerobic  treatment  of  leachate  is 
a  feasible  and  effective  form  of  pollution  control.       Also,    the  biogas 
production  rates  and  high  methane  concentration  further  demonstrate  the 
high  efficiency  of  this  treatment  alternative.       In  general,  the  results 
of  this  study  have  confirmed  the  Phase  I  objectives  and  lead  to  the 
necessity  of  a  demonstration  of  the  entire  enhanced  sanitary  landfill 
scheme. 


PHASE   II:      INTEGRATED   ENHAMCEO   LANDFILL  SYSTEM  DEMONSTRATION 

Hith  the  successful   completion  of  Phase  I,  ORTECH  has  proposed  that  Phase 
II   be  undertaken  as  a  deinonstratlon  of  the  entire  enhanced   sanitary 
landfill   concept.       It  would  encompass  construction  of  the  landfill   test 
cells,   one  enhanced,    the  other  a  control.       Nominal    dimensions  would  be 
to  m  X  10  m  x  3  m  deep.       The  pumping/recycling  network  would  be 
installed  prior  to  MSW  landfllling,       A  25  m^  anaerobic  digester  would 
be  constructed  alongside  the  cell,   based  on  the  design  information 
provided  from  Phase  I.       A  comprehensive  monitoring  program,    Including 
stratigraphical .  hydrogeological .  physical   chemical   and  biochemical 
analyses  would  be  conducted  during  the  estimated  2-3  year  operating 
time.       When  leachate  quality  and  gas  production  are  indicative  of 
landfill    stabilization,    recycling  would  be  terminated  and  an  intensive 
final   assay  conducted  at  the  site  to  assess  the  final   conditions  of  the 
landfill. 
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TABLE  1  -  Britannia  Leachate  Treatment  Study: 
Digester  Ptrfonunce  Data  Average  -  June  2  -  September  8,   1988 
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FIGURE  I  -  Enhanced  Sanitary  Landfill:  Phase  1  Oewnstratlon  Facility 
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Tbc   origin   oad  distributiun  of  Bethime    in   thv   Alliston  aquifer  coi^lex 

R.   Aravena.    J,F,    Barkei ■    H-    Bliss, 
L.I,   Wassenaar  anii  R.W.    Gillham 

Waterloo   Cealre   foi    Groundwater  Research,    University   ol    Wateiioo, 
Waterloo.   Ontario,   IJ2I  3G1. 

1 .  Iiitriiduct  ion 

Methane   gas   seems    to   be   a   (.onnnoii    trace   coBiioiieiit    in  [jroundwater ■    ami   a 
H^tentially   exiilosive   cuiil amiiiaiU    wliere   present    in   Iiigli   coni;eiitrat ion.    (HuKht^s 
et   al.    1971;    Culenan,    1976;    Barker,    197'*),    This   seems    to  be    tin-   E:aae   tor 
BruuncJwater    in   stme   pails   of    the   AUiston   aquifer   complex.      Many   wells   that 
Cap   tliis   aguifer   produce   Iiigii   voluiotfs   oE   iDetliaiie,    As   a   result,    most   o[    the 
Diunicipal   wells   have   aeiatlon   treatment   ayslems.    This   at|uifer    is    the   major 
udter   supply    fur    towns   such   as  AllisLou,    Cookstuwu   and   Botiil   Head,    anil    is   au 
(•sseill.ial   waLei    lesourie    [oi    a   grixaiitg   (xipiilution. 

Tlie  disliibution   and   i>i  iBJn  "f   methane    in    this   aquifer    is  not   well 
f stuhli;.hed.    Two   hypothesis   have   l>ft;n   pusliiluted.    One   suggeslB    thai    ihe 
otcurrence   of   Fiiethaiie    is   i.:ontrolled  by    the   nature   I't    the   uiuleilying   Paleozoit 
bedrock,    Kheie   the   bedrock    is   shale)    (Ciilliinjwood.    Blue   Huuiiliiin  Groups), 
ii)si)^if  icant   amounts   of   methane   are    found-    Howevei  .    wheie    the   bedrock   is 
litfestone    (Tieiilun   Ciutiti),    melliHiie    is   usually    found   al   lii^h   concen t ra t ioub 
{T.J.    Vakiitchik.    MOE.    peis,    coimii)-    This    implies    lliaL    the   sciui'c«   of  inPthaiie    is 
leakage   rii    niigui  iuii    f  roui   the   rnui  e   permeable    limeslime   bedioik.    Tliii 
hypothesis    is   encoutageil   by    the    [ail    that   methane    is    likely   pieseut    in    the 
Tienlon   Croup,    It    is   well   ducumenl *:<!   ihat   tliese  cartioiiate   icxks   are   an 
iapoilant   nfsetvuir    for   natural   leases    in  otliei    part   of   suuLtierii  Ontarlw. 
(Barker   and   Pollock.     1984). 

The   second   hypofbesis,    baseil   on   carbon    isotope   analyses   iil   netliane    from 
uverbui'den   wells,    suggests    thai    the   nielliaiie    is   of   biolugical   oiigin.    pioduced 
by   bacterial   ai.tiou   (Baikei.    Fri[£   ami   Biown,    1979;    Barkei    and   Fiitz,    1981). 
CoiiStijnenli>  ,    the   methane    is   being  generated  within    the   Allislon   sand   a(|ulfer. 
as   the   »ethane    tunnd   in   the   natural   gases    in   the   Treiitun   rucks   has   a  carbon 
isolopic    composil ion   typical  of    Ihetmocatalvlic   wetbaiie.    Therefore,    a  bedrock 
control    of   the   ovL-urreuce   of  netliaiie   appeals   to  be   unlikely. 

This   paper   pre:,ents   pLelimiiiar>    lesulLs    tiom    tlie    first    stage   of   an   ongoing 
VcsHaich   projHcl    funded  by    the  M.O.E   (1987-B9),    whose   main  objective    is    to 
piiHluce  an  utlifjtd   and  acceptable    theuiy    about    the   uiigin   of    the   methane    in 
the  Allistun  aquifer  complex. 

2.  Hy<irogeolo|iy 

The   AHis1i>ii   Aquifer   (twple)!    is   a   confined,    discontinuous,    but   extensive 
iietwoik   of    fine    lo   gravell}    sand    lenses   und'-ilaili   by   bediock   ui    basal    till   and 
overlain   by   clayey    till.    Il    seems    the   aquifer    comple.'.   extends    finm   the 
vicinity   of   Aurora    to  Wasaga   Beach   and    includes   the   area   nutthwest    along 
Not tawa.'.aga   Ba)    (Figure    1),    This    information    is   based  ini   a  map   ol    the   aquiCei 
cuwplex   published   b>    Turnet .    MOF    (1977)    attd   a    teceut    leview  of   watei    well 
records    tiled  at   the  M.O.E  offices. 

Ttie    stud)    aiea    Is  luoslly  underlain  by   rockB   of    the   Simcoe    (middle 
Ordovician)    and   Nottawasaga    (upper   Ordovician)    Groups,    The   areal   diiil t Ibut ion 
of    llie   various   units    that    fotm    these   groups    is   shown    in   Figuie   2.    The   nni I s 
relevant    Lo    this   sLud>    are   Uie   Iientou   and   Black   River    limestones  and   the 
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Colllagwood  aiid  Blue  Mountain  shales.    In  general,    the  bedrock   is  not  an 
Ivportant  source  for  water  supply,    ami   in  noae  areas   the  water  is  hltthXy 
Mineralized  and  not  suitable   (or  doaeatii:  or  stock  purposes. 

The   overburden  material    that    encloses    th«   aquifer   coaplex    is  of 
Pleistocene  glacial  orttjln  and  consists  of  glacLo- lacustrine,   glaclo-fluvtal 
uucwash  deposits,    and   ice-deposited  drift    (till).   The  stratigraphy  of   these 
deposits   is  extreaely  variable  vertically  and  laterally.    In  general,    (ro«  the 
btfdruck   upward,    there  occur   successions   of   lacustrine   and  glacio-lacustriae 
sills   and   sands-    and/or   clays   with   intercalated   lenses,    laim,    or   chaiuiels  of 
fluvial   or   glui.io-f lijvlul    sands,    and    lor   gravels    interlayered  with   successions 
of   seal-pei-ateable    tills.    Kore   detailed   iuforsstiun   about    the   overburden 
Materials   can  be    toiuid    in  Sibul   and   Ojoo-Ying   (1971).    High   capacity   wells   have 
been  developed    in  »any   part   of   the   aquifer    cmplex.    However,    high   yleldiog 
wells  often  occur  at    ihe  «>argini«  of   the  coaplex.    Except  for  the  presence  of 
M«ttksne  and  hlgli   iron  content    in  sowe  groundwater,    the  quality  of   the  water  Is 
suitable   fur  water   i>upply. 

A   Bljiplified   pie2o«etric   surface  «ap   in   presented    in   Figure   3.    This  map   Is 
an   updated   version  of   Turner    (1977)   and   includes  aore   wells    fto«   the   ■aigiiis 
of   the  aquifei    syste*  in  order   to  better  define  tegions  of   recharge, 
specjlically    in    the   area      south   of   the   complex.    The   regional   groundwater   flow 
pattern   illustrates    two  B«Jor    (low   systCBs  wtiich   Hre   separated   by   s   north- 
south  divide   at    piezunelric   elevations  greater    thun   750   teet ,    One  dtscliargs 
into  Nottawasaga   Bay   to   the   north   and    the   other   to   KeapenEelt   Bay   and   Cooks 
Ba>    to    Ihe   northeast.    Rvchurge    is   regional    tron   the   east    and  west  «arginal 
bedrock  higha   and  possibly    frow   the   south    in   the   vicinity   of   Aurora,    where 
there  apparently  exists  an  east-west  ginundwater   flou  divide. 


3 .   Approach 

3.1  Hethane  origin  and  distribution 

Methane  gas   (tM-)    is  foraed  by    two  distinct  processes.      One  process   is   the 
decotiposition  of   organic  matter  by   «   group  of  bactei ia   called  Me thsnogens . 
This   type   of  aethaue    is    referred   to   as   "biogenic   Methane".    The   other   process 
is   the    theraiul   degradotl.ut   o(   organic   ■Hleiial   during   burial   and   dlagenesis. 
This    type   of   aethane    is   termed   "thermucal alyttc   methane",    Tliese   processes   arc 
dcc'japanied   by    carbon  and  hydrogen    isotope   elfetls    that   characterize    the 
■etiiane  with   n   specific    Isotoplc   composition   that    leflects   the   processes 
lesponsible    loi    <he  ■•ethane    fotnation.    Bii>Keiiic   melliaue.    excluding   the   methane 
generated    in   landfills,    sie   characterizwd  by   .'j'^C   values    less    I  lian   -60  o/oo 
wbeieas   theimucatiil)  i  K   methaur   hove   valu>.-!>   girutei    than   riboiii    -61^   "/oo 
(Coleman.    H?*);    Baiker   and  Fritz,    IIHI).    In   addition.    Ihe   h>drogen    Uotope 
(deuterlua)    conceutiatton  of    biogenic   methanes   are    related    to    the   ileuleriiwi 
concentration  of   their  associated  waiter,    Tliis   relatlouship  depends  on  ttie  type 
of   reactions    thai    aie    involved    in    the  raelhaae    fmuelion   (COj    reduction  vs 
acetate   dissimilation)    (Shoell  ,    1980;    Wolteuiate   et    al ,    19B(.).    This   study   will 
use  carbDU-13   und  deuterlun   isotopes  as  a  tracers   to  provide   Informati'm  about 
the  genesis   of    the   methane. 

The  distribution  of  methane    In  the  Alliston  aquifer   In  not  well  defined. 
It   seems   that    the   uiea   between   Bond   Head    (Heetou).    Alliston.    Cookstown.    and 
Aurora  fontains   the  msjoi   occurrence  of  methane    in   the  groundwater.    However, 
similar   occurrences   have   been  noted    in    the    lownshiv  of    Iniiisfil.    and    In 
bedrock  wells   neat   Wasaga   Beach.    Groundwater    from   overhurJrn   and   bedrock  wells 
that    represent    most   of   the   aquifer   will   be   collected   for  aethane  analyses.    The 
■ethiU3e   distribution  will    be   compared   with   the   distribution   of    the   various 
lithulugic   units   that    form   the   u]Lderl> ing  bedrock    In  order    to   further    test    the 
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liypothesig  of  bedrock  contrgl  on  llie  presence  of  neLhane  in  itie  groundwater. 
Additional  gas  analyses  will    include  hydrocarbon  aolecules  heavier  than  the 
nethaiie.    Tlie   presence   of    these    type   of   conpounds   are   an   indication  of   the 
t hemucatalytlc   origin  of  methane- 

3.2  Carbon  sources 

The  occurrence  of  aetliane   In  any   type  of  enviroriBent    is   intimately   linked 
lo   Its   carbon   precursor,    and/or    linked    to   a   source    rich   in   organic   nailer. 
Potential   carbon   sources    for    the   generation  of   melliaiie    In   the   Alllstou  aquifer 
coaplex  are  organic  Batter  present    in  the  aijulfer  aiaterial  and  bedrock  and 
dissolved  organic  carbon  (DOC)    in  the  groundwater.    The  other  alletnative   is 
uiigiation   of   nelhaiie    froW  hydrocarbon   teservoiri*   that   could  exist    in   Paleoaoic 
bedrock.    Lnforaatlon  about   ihe  nature  of   these  sources,    specifically    iis  age 
or  tlae  of  deposition  could  be  useful   in  linking  the  Belhane   to  Its  carbon 
piecursor.    Carbon-H   <'*C),    a  radioactive  carbon  Isotope   thai    is  widely  used 
fur  dating  of  geological  [iaierlal&,   will  be  used  as  a  dating  tool    in  Ihla 
sLudy.    Radiocarbon  analyses   will  be   perforaied  on   oethane   saaples.    on    the    two 
iriiiin   frHCtlons   (hat    forn     DOC   (hydrophobic  and  hydrophillc) ,    and  aquifer 
kerogen    Lf    U    is   available.    In   addition,    geological    Inlortaation   related   to   the 
line   oi    deiKisition  of    Ihe   oveiburden  materials   and  bedrock  units   are  also 
available    in    the   literature.    Tlie   geochcnLcal    characterisation  of    the   DOC  will 
also   iiiiuide    infoiwolioii   about    the   residents   lime   and   thf   organic    geochealstry 
of    tlie   groundwaler. 

3    1   Origin   and   residence    time   of    the   groundwater 

One  Biechanimi  postulated  lor  Bethane  migration  in  aquifert.   Is   iransport  as 
a  dissolved  solute    In  groundwater  (Coleman,    1976),   Therefore,    another 

linpi-ittanL    aspect    ..f    this   study    is    the   oiigiu  and   the    residence    tiee    (age)   of 
llie  groundwater,      Raillocarbou  analyses  of  dissolved    inorganic  carbon   (DIC)  are 
a   comnon   tool   usfl    in   hjdrolojjical   studies    (o   provide   informatiun   about    the 
lesidence   time   m£    Ihe   groundhHler.    However,    in   aquifers   affected  by 
lirlbanonenesis,    this   method    is   very    imprecise.    Effoils  will   be  wade    lo   improve 
the   appliculion   of   I»1C   mdloc-irbon   dating    In   ihese    type   <>f   aquifers. 
Purtheraore,    the   stable   oxygen-18    ('"0)   and  deuterium   (^H)    isotopes   that   form 
vuit   of    Uie   walei    Molenile   will    be   used   as   a    tracers    to   provide   InfonMtion 
abnuC    leeharge  enviioiunents.   and  iirigin  of    the  overbuideii  and  bedrock 
^iDundwaLei . 

The   geocJi«»L;.al    Information   dec  ived    friw    this   study,    in   combination  wilh 
exisllng   hydlugfolijgii,a]    itud    geothcmital    daln,     Is    expect«:d    Ih    provide    a 
unified   theory    .*boul    the   origin   and   distribution   of   methane    in   the   Alliston 
aquifei    complex.    This   research   should    improve    the   scientific   basis    for    the 
pr'^dlclion   ol   other   areas   of    the   Alliston  aquifer    that   may   be   affected  with 
waier   qualily   problems   associated  wltli   the   presence   of   nelhane.    This   approach 
can   also  be   applied   to  others   aquifers   contauinaled  with  methane. 

ti.    Preliminary  results  and  discussion 

The    first   step  of   this   project   was    to   compile   existing   informatioa 
regarding  occuiren':je  of  methane  and  hydrogeologii.al  and  geochemical  Bsjwcts  of 
the   Alliston   aquifer   complex    (Bliss,    M. ,    I'iSS). 

Field  work  during  summer    1163  has   focussed  mainly  on  the  collection  of 
groundwater  and  gas  saaples  stripped   from  groundwater   from  deep  overburden  and 
beilrock   wells    foi    isotopic   and   chemical   analyses.    The   dat«   presented    in   this 


141 


paper  corceBponds  to  the  southern  part  of  the  aquifer  cuaplex.  The  saapllug 
locations  can  be  seen  tn  Figure  '*■ 

4.1  Gas  analysCB 

Chronatographic  anslya«s  of  gas  saapLes  are   reported  In  Table   1.    This  data 
shows   that    the  wiiii  i.o«poaenls  of  gases  extratted  [ro»  the  groundwater  are  CH. 
and  Ua.    The  average  concentration  ol   these  two  co«poonds  are  80  %  and  20% 
respectively.    The  liaapleB  with  bi^  oxygen  coutent    iudicate  air  contonioatlon 
during  sanpling.    No  traces  of  Ca  to  C*  hydrocacboo  coapuunds  were  found  in 
these  uasples. 

Saaples   for  determination  ol  CH*  and  Na  concentration  were  collected  in 
glass  syringes  and  analyzed  by  ga&  chroMstography .    for  eauples  supersaturated 
with  Bethane   (saturation  at    25''C   Is   IJIO  uaol/1).   degassing  during  sanpllng 
caused  soae  ttrrors   in   the  deternlnaCion  of  gas  concentration.    AH   tlie  ssaples 
were  collected  after  the  pressure   Lank   in  dowcstl;:  wells.    Saaples  with  CH. 
levela  >   1400  uMol/l  should  be  considered  with  caution.    Thin  dat«  is  plotted 
In  Figure  ft. 

It  appears   thai    the  area  southeast  of  Alliston  towards  Beeton  has  hi^ 
concentrations  of   melhaiie.    either    in   bedrock   or   overburden  wells.    This   pattern 
is  not   clear    in   the   area   northeast   of   Alliston  where   bedrock  wells   i;ontaln 
hi^  concentrations  of  methane,    whereas   In  nearby  overburden  wells  no  gas  was 
observed.    No  CH*  was  found  in  overburden  and  bedrock  wells  sainpled  southwest 
of  Allkston. 

Table    1   also   lists   data  on   dissolved  organic   carbon   (DOC)    in   the 
groundwater.    A  correlation  seens   to  exist   between   the  DOC  and  CH* 
Loncentration.   High  DOC  are  accoaipanied  by  higli  CH^  concentrations.    Typical 
DOC  concentrations  are  less  than   1   ^•^Jm   in  deep  groundwater   (Thurman,    1985), 
and   less   tlian   5   pp>    in  uncoafined   aijuifers    in   the  Allioton   area    (Wassenaar   el, 
al,    this   volume).    These   higher   DOC   coQCentrutions    In   the  Alliston  aquifer 
cOHplex  suggest   that   the  gioundwater    is  woving  thiougli     aquifer  materials   that 
ate  rich  in  organic  matter. 

4.2  Isotope  analyses 

Environ«ental  isotope  snalyseii  have  been  performed  by  »ass  speclruaetry  on 
Methane  t'*C)  and  groundwater  sanples  ('"0  and  *H).  The  isotope  data  is 
expressed  in  6  o/oo  units".  This  data  is  reported  in  Table  2. 

The  6"C  values  for  methane  samples  varied  between  -61  o/uo  to  -84  u/oo 
with  wast  of  the  values  around  -75  u/uo.  So  signifiiuiil  isotopic  differences 
have  been  noted  in  nethane  from  overburden  and  bedrock  wells.  This  data  is 
similar  to  tliat  reported   troM  some  ovetbutden  wella  by  Burker  and  Fritz 
(1981).  Figure  5  shows  the  6"C  distribution  nt   BeLlune  gases  of  different 
origin.  Tills  figure  does  not  include  the  6**C  values  for  methane  generated  in 
landfill  environments,  which  range  between  -38  o/'jo  to  -56  o/oo  for  "C,  All 
aethane  results  from  the  Alliston  groundwaters  plot  in  the  field  of  biogenic 
■ethane. 

Stable  isotope  analyses  were  also  carried  out  on  scuae  overburden  and 
bedrock  groundater.  This  data  shows  an  isotopic  range  between  -  14.3  o/oo  and 
-10.7  o/oo  for  '•0,  and  -^2   o/oo  and  -  7B  o/oo  fur  'H.  This  significant 
Isotopic  diffeience  implies  that  at  least  two  types  of  groundwater  are  present 
in  the  aquifer.  Tlie  Isotopic  composition  of  nodern  water  in  unconfined, 

"    6  o/oo  :  1./  I,.  -  I    «  tdOO  ,  iih*r4  (.  inij  (.,  ir«  lilt  IsotoiK  ritiiis  l"i:/"C,  "0/"0  ind 
'N/'/HI  (w  lilt  twU  »d  \U  stiBdjr)  fdotcti.ilf  l*"  idtrMlioiiil  itJiJirdi  «;ed  it  t 
■  tfirtiti  »r(  m  lU:  it*  UUw\\t]\i]  fsf  "C  mi  im  iSlMJiffl  *tifi  itun  *it«r|,  tur  "5 

Hi  'I. 
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Bhflllow  aquilers  ia  the  Alliston  area  ranges  between  -10. fl  o/oo  and  -11.5  o/oo 
tor  '■'Q   and  -7B  o/oo  and  -81  o/oo  for  'B  CWassenaar  el  al.  in  preparation). 
Thus,  the  presence  of  isotoplcally  depleted  groundwaters  {6'"0  =  -U.3  o/oo) 
suggest  that  tlieee  waters  were  recharged  under  cooler  clinatic  conditions  tlian 
today. 

The  preliBJiiary  isotopic  data  gathered  suggest  that  tlie  aethane  is 
biogenic  In  origin  and  is  produced  either  in  the  bedrock  and/or  in  the  deep 
overburden  materials.  Radiocarbon  {'"C)   dating  of  methane  and  DOC  will  provide 
■ore  information  to  better  define  [he  carbon  source  for  the  generation  of 
■ethsne.  Major  occurrences  of  nethane  seen  to  be  found  In  areas  underlain  by 
ItBCBlone  rockt.  However,  a  bedriK^k  well  (186  leet)  tapping  shale  shows  the 
highest  level  of  i»e thane .  The  relationship  between  the  presence  of  iiethane  and 
the  nature  of  the  underlying  bedrock  will  he  fully  tested  once  the  methane 
distribution  Ln  the  aquifer  is  bettpr  known. 

5.  Future  work 

The   main   goal   of    the   first   stage   of   this   Study    is    to  determine   methane 
distribution    in   the   Alliston  aiiuifet   complex.    Gas   and   water   samples   for 
isotope  analyses  are  also  being  collected  during  this  stage.    Subsequently, 
selected  wells  represenlive  of   the  differeni   geochemical  environments    that 
exist    in   the   study   area   will   be   used   for  a   ^oaplete   geochemical   evaluation  of 
the   Xollowinfc   parameters    :    *'C  and    "C    in  methane,    DOC,    and   DIG;    '"0,    'H 
(methane)   and   cbemlstiy   of    the   groundwater.    Attempts   will   also   be   made    to 
study   the   potential  of    the   kerogen   present    in   the   bedrock   shales   as  a  carbon 
bourU   for  mflhane   producing   bacteria.    We   will   also   exaaiiie    the   possibility 
that   aetliane   generation   in   simbg   parts   of    the   Alliston  aquifer   complex   could  be 
limited   by    the   presence   of   sulfate-reducing  bacteria.    Sulfur-3ii    ("-S),    a 
Bttiblc   suitui     Isutope,    will   be   used   as   a   tool    to   appritach   this   question, 

The   geochemical    inforMtion  generated   fr.>m    this   study   will   be   co«bined 
with   existing   geological    and  hydrological    iiid'rmation    to   postulate   an 
SLceptable   theory  about    the  origin  and  occurrence  of  methane   in  the  Alliston 
aquKer   complex, 
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Table    1.    Chenlcal   coiapoeltlon  of    gas   and  DOC  in  water  eaniplea, 
Alliston  aqul£«r  complex 


Hell   Depth 

CH. 

% 

0> 

CO, 

CM* 
unc 

1/1 

DOC 

PPB 

BR"     198 
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OV    136 
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BR       SO 
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<20 
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6.2 

av      55 
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OV      176 

71,9 

27.4 

O.SO 

o.ss 

2080 
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OV      234 
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217 

3.3 

BR      320 

44.2 

45.8 

7.63 

3.70 

1515 
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12.6 

OV      258 

<20 

BR      386 

87.8 

8.25 

0.14 

0.91 

4680 

380 

9.3 

OV      375 

79.6 

17.  B 

0.45 

1.13 

3550 

600 

22.07 

OV      281 

82.1 

13.6 

1.25 

2.70 

2765 

335 

8.7 

BR      245 

83.2 

13. a 

0.3 

1.15 

21B0 

24S 

8.2 

OV      194 

815 

667 

8.1 

OV      190 

71.0 

29.1 

0.55 

0.3S 

2650 

737 

9.6 

BR      305 

64,5 

35.5 

o.ao 

0.44 

2550 

977 

5.2 

OV      262 

<20 

900 

1,7 

Bfi      355 

53.1 

47.2 

O.Bl 

O.IB 

1413 

6.0 

OV      367 

<20 

985 

1.9 

BB      125 

61.3 

34.3 

3.40 

0,17 

2425 

1000 

7.1 

■  Bedrock 
••  Overburden 

145 


T&ble  2.    Isotoplc  coapositlon  of  gas  snd  water  samples, 
Alll&ton  aquifer  coaplex 


6'"C 
O/oo  PDB 


wall   Depth 
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OV 
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OV 
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BR 
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BR 

355 

BR 

125 

«« 

Bedrock 
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6 

-72 

2 
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9 
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a 
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2 
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2 
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3 
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2 
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.5 
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.0 

6'"0 
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O/OO  SHOW 
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-13.8 

-100 

-12.3 
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-13.5 

-92 

-10.9 

-78 

-10.7 

-79 

-14.2    -100 
-12.4    -90 


146 


L  AK£     ONTABIO 
KITCHEWB/WATEHLOD  ^TORONTO 

•   r. 

HAMILTON* 

LONDO^  fjlAGARA^S'  0     JO    tO    eoaoioo  ii 

FALLS      J\»BUFFftLO  ' ' ' ' ' ' 

0  ZQ        40         60         ao        100  mr 


WINDSOR 
Figure    1.    Location   nap  at   tlie   Study   area 


-4 


f'6  1  OUEENSTON  ^ 

\   5   I  GEOfiGiAN   BAT 
I  4    I   BLUE   MOUNTAIN-. 
I   3   1   COLUNGWOOD      -f 
I   2"  I    TRENT  ON 

i  simcoe  gftoup 
(Black  river 

---^    APPBOX     geological   CONTACTS 


Fl9ur«   2.    Plan   of   hadrocy.  topography   arid   Hthc-logy 


148 


800 

'    ,  -70O 
■  - '      ^  gOO 


AQUIFER    EXTENT 
EQUIPOTENTIAL  LINES 


-~5(W 


Fi^ur*   3:      Sagioniil   Groundvata,-  Flow  Psttarn 


148 


NOTTAWASAGA 
BAY 


4900000- 


NEWMARKET 


AURC«A 


OftANGEVtLLE 


OVERBUBOeN 


BEDROCK 


DEPTH  FBOMKWFACE  (ll) 

CMaCONCENTRflTION  (^mol/fi 


5       10      15      20     25  urn 


(0 


15  20  mi 

600000 


TORONTO 


LAKE 
ONTARIO 


'"""' '  b;s%irr;":^';?,r:r' ™::pi;r""* "  ^'"'^'"'^  -■" 


150 


THERMOCATALfTIC  BfO  GE  N  I  C 


•  •  •• 


•    BEDROCK 
A   OVERBURDEN 


I 1 1 1 1 1 1 1 1 ^ 

-20  -40  -60  -80  -100 

8      '^C    %o     PDB 

Figure    S.    6'»C  dlHtrlbiiClon   of   methariE   of   dlffeieiit   origin   and   •  •€   content    in 
netliaue    from   overbuvden    and   tjedroijX  wells,    AUlston   aquitev   toeiplBii. 


C9 


The  Origin,  Nature  and  Role  of  Naturally  Occurring  Organic 
SoluteE  In  Unconfined  Groundwater  SYste«s. 

L.I.  Wassenaar,  R.  Aravena,  J.F.  Barker,  R.w.  Glllham,  and 

P,  Fritz 

Waterloo  Center  for  Groundwater  Research 

University  of  Waterloo 

Waterloo,  Ontario,  N2L  3G1 


Introduction 

In  recent  years  there  has  been  an  Increasing  public 
awareness  and  concern  about  the  quality  of  our  groundwater 
resources.  Of  particular  concern  Is  the  dramatic  rise  in 
the  number  o£  toxic  and  resistant  man-made  organic  chemicals 
identified  In  groundwater.  These  organic  contaminants  may 
enter  a  groundwater  system  from  a  variety  of  sources;  land- 
fills, disposal  compounds,  chemical  spills,  sewage,  burial 
sites,  or  by  the  application  of  pesticides  and  herbicides  in 
agricultural  practices . 

Whereas  considerable  effort  has  been  spent  in  the 
detection  and  remediation  of  man-made  organic  contaminants 
m  the  hydrosphere,  and  towards  the  establishment  of 
drinking  water  guidelines,  very  little  is  actually  known  of 
the  origin,  geochemistry,  and  role  of  iiatucdlly  occurring 
dissolved  organic  compounds  (DOC)  in  groundwater.  In  fact, 
relatively  few  studies  have  addressed  the  Inherent 
characteristics  of  "natural"  DOC  in  groundwater  [Leenheer  et 
al.,  1974;  Barcelona,  1984;  Thurman,  1985J.  Several 
studies,  however.  have  demonstrated  the  importance  of 
natural  DOC  as  facilitating  the  transport  of  metals 
(McKnlght  et  al,  1983) ,  enhancing  the  solubility  of 
insoluble  organic  contaminants  (Perdue,  1983),  and  providing 
a  carbon  source  for  microbial  redox  processes  (Miller  et 
al..l979;  Starr  et  al . ,  1987). 


163 


Objectives 

The  overall  purpose  ot  this  H.O.E-  funded  two  year 
project  (1987-1989)  Is  to  determine  the  origin  and  innate 
characteristics  of  naturally  occurring  organic  solutes  In 
groundwater,  and  to  define  the  role  o£  naturally  occurring 
organic  solutes  in  the  Interrelated  blogeochemlcal  redox 
processes  that  affect  the  carbon,  sulfur,  and  nitrogen 
cycles  of  several  shallow  groundwater  systeas  in  Ontario. 

Origin  and  Nature  DOC  In  Groundwater 

Dissolved  organic  carbon  is  widespread  in  groundwater, 
although  typically  at  concentrations  below  1-2  Big  C/L 
(Leenheer  at  al.,  1974).  High  molecular  weight  aquatic 
hunlc  substances  generally  account  for  about  20-40%  of  the 
DOC  in  Kost  groundwaters  (Thurnan.  1985),  however,  the 
nature  of  the  remaining  60-80%  of  DOC  remains  largely 
unknown.  In  Bost  aquifers  there  are  two  potential  sources 
of  DOC;  organic  leachate  translocated  via  aquifer  recharge 
from  the  soil  and  vadose  zone,  and/or  organic  matter  derived 
from  kerogen  originally  incorporated  Into  the  aquifer 
sediments . 

This  research  will  attempt  to  characterize  and  describe 
the  geochemical  evolution  of  high  and  low  molecular  weight 
organic  compounds  that  form  part  of  the  DOC  along  the  flow 
paths  of  several  shallow  aquifers,  Evaluation  of  the  age, 
origin  and  residence  time  of  DOC  in  groundwater  will  also  be 
assessed.  Methods  used  are  liquid  chroaatography,  molecular 
sieving,  stable  Isotoplc  mass  spectrometry,  gas  chromatogra- 
phy/mass  spectrometry  (GC-MS),  and  Tandem  Accelerator  Mass 
Spectrometry  (TAMS) . 
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Role  of  Natural  Organic  solutes  in  Groundwater 

lii  anoxic  groundwater  systems  DOC  is  thought  to  be  the 
electron  donor  for  the  natuidl  remediation  o£  several 
prevalent  inorganic  contaminants,  such  as  Eertillzer  derived 
nitrate  and  acid  ram  derived  sulfate.  Denltr iflcatioii  and 
sulfate  reduction  can  affect  the  carbon  cycle  through  the 
uxidation  of  oiganic  matter  and  the  concomitant  production 
of  respiratory  carbon  dioxide.  However,  in  order  for 
microbes  to  be  able  to  utilize  DOC  to  reduce  N03~  or  304=, 
the  carbon  source  must  be  labile.  Thus,  the  lability  of  DOC 
must  be  a  function  of  the  nature  of  the  reduced  carbon  forms 
In  the  groundwater  system.  Extell^lve  characterization  of 
natural  DOC  of  deveral  groundwater  eystema  m  this  study  is 
expected  to  provide  insight  as  tv  the  "lability"  of  the 
various  fractions  of  DOC.  High  DOC  concentrations  in 
groundwater  may  also  be  linked  to  microbial  production  of 
methane  gas  (eg.  Aravena  et  al.,  this  volume). 

Ill  addition,  oxidation  of  DOC  during  microbial  redox 
processes  could  liave  a  potentially  significant  effect  on  the 
bicarbonate  ^C  dating  of  groundwaters,  especially  if  the 
organic  carbon  contains  little  radiocarbon.  Thus,  a  better 
understanding  of  the  role  of  DOC  m  groundwater  is  necessary 
to  tlie  interpretation  of  guonndwdter  ^^C  dating. 

other  aspects  of  this  research  will  attempt  to  address 
the  effects  of  dissolved  organic  acids  and  anions  on  routine 
.jevchemical  ineasuremeuts .  such  as  pH  elei:trode  determina- 
tions and  alkalinity  titrations  of  groundwater. 

Site  Selection 

Threii  unconfmed  saud  aquiteit  were  cli'L^sen  at  field 
study  sites.  At  all  sites  the  groundwater  flow  regimes  are 
reasonably  well  known,  and  previo^is  groundwater  surveys  at 
.tUes-e  sites   provide  an  additional  degree  of  information  on 
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geochamical  procesees  In  the  aquifers  (eg.   Starr  et  al . , 
1987;  Robertson  and  Cherry,  submitted  19S7). 

Rodney  Sand  Aquifer 

This  unconfined,  four  neter  thick  s&nd  aquifer 
underlies  agricultural  land  near  Rodney,  Ontario,  and 
comprises  the  glaclolacxietrlne  sands  of  glacial  Lake  vrarren. 
The  site  was  used  in  a  denltrif icatlon  study  by  Starr  et  al. 
( 19B7 ) .  The  water  table  is  shallow  (<100  cm) ,  and 
significant  concentrations  of  nitrate  are  rapidly 
denitrified  within  50  cm  below  the  water  table.  DOC  In  this 
system  was  presumed  to  be  "labile",  yet  Insufficient  as  the 
only  carbon  source  for  denltrif icatlon.  The  origin,  fluxes, 
character  and  role  of  apparently  "liibile"  DOC  in  this  system 
is  the  focus  of  research. 

Alllston  sand  Aquifer 

The  unconfined,  sand  aquifer  near  Alllston,  Ontario, 
was  also  used  in  previous  denltrif icatlon  studies  {Starr  et 
al . ,  1987).  The  aquifer  underlies  agricultural  land,  and  is 
composed  of  glaclof luvial  sands  that  form  the  present 
Nottawasaga  River  flood  plain.  The  aquifer  Is 
hydrogeologically  similar  to  Rodney,  except  that  the  water 
table  occurs  at  a  greater  depth  of  4  m .  High  levels  of 
nitrate  occur  throughout  this  aquifer.  Although  DOC 
concentrations  are  similar  to  the  Rodney  site,  no 
denltrif icatlon  occurs  even  at  20  m  depth.  The  origin, 
nature  and  role  of  seemingly  "non-labile"  DOC  in  this  system 
is  the  focus  of  research  at  this  site. 

Sturgeon  Falls  sand  Aquifer 

This  unconfined,  stlty-sand  aquifer  is  located  on  a 
forested  post-glacial   delta  near   sturgeon  Falls,   Ontario. 
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Penet-ratioii  of  "bomb"  produced  radioactive  Tritium  into  this 
system  allowed  for  unusually  accurate  dating  of  groundwater 
recharge  with  a  reeolutlon  of  about  2  years  spanning  over  60 
years  of  recharge  (Robertson  and  Cherry,  submitted  19S7). 
This  acid  rain  derived  804=  which  is  prevalent  in  this 
system,  however,  undergoes  dlssimilatory  sulfate  reduction 
only  after  16  m  along  the  flow  path  (Robertson  and  Cherry, 
submitted  1987b)  . 

The  excellent  hydrochemical  resolution  at  this  site  Is 
expected  to  yield  detailed  information  about  the  temporal 
and  spatial  geochemical  evolution  of  DOC,  allow  for  accurate 
carbon  mass  transfer  modelling,  and  also  provide  insight 
into  the  nature  of  carbon-sulfur  cycle  interactions. 

Analytical  Approach 

All  three  sites  hav«  been  previously  Instrumented  with 
either  stainless  steel  or  PVC  piezometers,  spaced  between  25 
cm  and  2  m  apart.  The  plezomet^tr  nests  are  presently  being 
sampled  up  to  two  times  per  year  for  complete  water 
chemistry  and  environmental  isotopes  le^^O,  d^^C,  S^H,  e^^S) 
Comprehensive  geochemical  measurements  aid  in  the  Interpre- 
tations of  basic  hydrology  and  geochemical  modelling, 
statistical  analysis  of  geochemical  and  DOC  data  will  be 
used  to  test  possible  links  between  inorganic  geochemistry 
and  the  organic  carbon  pool.  Essential  to  DOC  research  in 
groundwater  systems  are  a  number  of  techniques  adapted  from 
marine  and  soil  methods  described  belc^w. 

DOC  Determinations 

Reliable  DOC  determinations  are  essential  for  this 
study,  Groundwater  samples  are  carefully  filtered  through 
0.45  micron  filters  and  stored  in  glass  vials  to  eliminate 
possible  contamination.    All   samples   are   analyzed  on   a 
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calibrated   Dohrmann   Carbon   Analyzer   ueing   standard 
techniques. 

Liquid  Chromatography 

ZAD-8  nacroporous  resins  are  used  for  the  Isolation  of 
the  aquatic  humlc  substances  from  the  groundwater ,  for 
determining  the  hydrophobic/hydrophillc  fractions  of  the 
DOC,  and  for  classification  of  the  DOC  (cf .  Thurman  and 
Malcolm,  19S1;  Leenheer  and  Huffman,  1979).  Aquatic  humic 
subatances  isolated  by  this  method  are  used  for  carbon 
isotope  determinations  (^^C,  ^*C) . 

Molecular  Sieving 

Slllcallte'™  molecular  sieve  is  used  to  concentrate  the 
low  molecular  weight  [<C2ol  portion  of  the  hydrophilic 
fraction  of  DOC  from  the  groundwater.  DOC  Isolated  in  this 
molecular  sieve  is  then  further  processed  for  gc-ms 
identification  and  for  carbon  Isotope  determinations  (^^C, 

Gas  Chromatography/Mas B  spectrometry 

A  Hewlett-Packard  gc-ms  is  used  to  assist  in  the 
Identification  of  low  molecular  weight  organic  compounds 
adsorbed  into  Slllcalite.  Only  the  20-30  most  abundant  GC 
peaks  are  evaluated  by  computer  to  Identify  specific  organic 
compounds . 

Stable  Isotope  Mass  spectrometry 

A  HicroaaesC™)  903  VG  mass  spectrometer  for 
determinations  of  stable  isotope  ratios  is  used  to  measure 
the  l^C  content  of  DOC  This  technique  Is  an  excellent  tool 
for  distinguishing  between  marine   or   terrestrial   derived 
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DOC.  Stable  carbon  Isotoplc  ratios  are  also  used  as  a 
tracer  of  both  dlagenetic  processes  and  microbial  activity 
affecting  DOC. 

Radiocarbon  Dating 

The  recent  development  of  a  Tandem  Accelerator  Mass 
spectrometer  at  the  University  of  Toronto  enables 
radiocarbon  age  dating  of  microgram  size  organic  samples  by 
direct  counting  of  ^*c  atoms.  This  new  teclinology  allows 
age  dating  of  very  small  DOC  samples  [5-10  mg)  Isolated  from 
groundwater  using  KAD-a  chromatography  and  Siilcalite. 
Radiocarbon  ages  o£  doc  fractions  are  an  excellent  tool  for 
determining  the  origin,  age,  and  flux  of  DOC  In  groundwater 
syst-^ms.  Radiocarbon  dating  of  fractions  of  DOC  in 
groundwater  may  also  be  a  potential  tool  for  the  age  dating 
of  groundwater  (Wassenaar  et  al .  ,  submitted], 

Poteiitiometric  Titrations 

potentiometrlc  titrations  of  humic  and  fulvic  acids 
extracted  from  groundwater  aire  used  to  quantify  carboxyl 
functional  groups  and  phenol  functional  groups. 

uv  Absorbance 

Efl/Ee  ultraviolet  absorbance  ratios  of  aquatic  humic 
and  fulvic  acids  extracted  from  groundwater  are  believed  to 
provide  an  indication  of  molecular  weight  of  aquatic  humic 
substances.  The  E4/E6  ratios  can  be  compared  with  soil  and 
marine  humic  substances . 

Elemental  Analyses 

The  carbon,  oxygen,  nitrogen,  hydrogen  and  sulfur 
content  of  aquatic  humic  substances  extracted  from 
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groundwater  can  be  compared  with  those  of  huinlc  substances 
£ron  soils  and  narlne  anvlroDBents.   Tburman  (1965)  suggests 
that  hunic  substances  from  groundwater  contain  less  oxygen 
due  to  microbial  action  on  DOC. 

Preliminary  Results  and  Discussion 

Preliminary  results  of  DOC  deterninatlonE  at  all  three 
sites  are  summarized  In  Figure  1  and  2.  DOC  concentrations 
In  the  groundwater  at  Rodney  range  between  1  and  12  mg  C/L 
with  a  median  of  4.6  mg  C/L  (Fig.  2).  Generally,  higher  DOC 
contents  (4-12  mg  C/Ll  occur  near  the  water  table  and 
decline  wltli  depth  (1-1.7  mg  c/L) .  DOC  concentrations  in 
the  groundwater  at  Alllston  range  between  0.9  and  7  mg  C/L, 
whereas,  DOC  in  the  groundwater  at  sturgeon  Falls  ranges 
between  1.4  and  3.2  mg  c/L  {Fig.  1).  These  DOC  concentra- 
tions are  significantly  higher  than  those  observed  In  many 
deep  confined  aquifers  (<!  mg  C/L;  Leenheer  et  al,  1974). 
The  higher  DOC  concentrations  in  these  shallow  unconflned 
aquifers  are  no  doubt  a  result  of  a  lesser  degree  of 
blodegradation  and  attenuation. 

DOC  concentrations  at  the  Rodney  site  also  exhibit 
temporal  variations  (Fig  2).  whereas  hlglier  DOC 
concentrations  occur  near  the  water  table,  DOC  peaks  also 
occur  below  the  water  table.  DOC  peaks  occur  at  125  cm  (12 
mg  C/L)  and  225  cm  (5  mg  C/L)  In  April,  1988,  and  at  175  cm 
(4.5  mg  C/L)  for  March,  1987.  These  peaks  could  represent 
the  influx  of  spring  or  fall  recharge,  carrying  high  DOC 
waters  leached  from  the  soil  zone.  Antweller  and  Drever 
(1983)  and  Cronan  and  Aiken  (1985)  have  observed  that  higher 
concentrations  of  DOC  occur  in  soils  during  spring  runoff 
when  the  soil  is  saturated, 

Starr  et  al  (1987)  measured  DOC  concentrations  in  the 
vadose  zone  from  squeezed  core  material  at  this  site.  Their 
results  are  also  summarized  in  Figure  2.  The  highest 
vadose/soil  zone  DOC  values  occur  In  the  upper   soil  zone 
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wltli  a  maximum  value  of  150  mg  C/L.  From  30  cm  to  90  c» 
depth.  DOC  drops  to  between  25  and  19  mg  C/L  and  then  to 
less  than  12  ng  C/L  below  the  water  table  (Fig  2).  The 
sharp  drop  tn  porewater  DOC  concentrations  below  5-10  cm  is 
a  result  of  Bicrobial  biodegradation  and  adsorption  In  the 
vadoBe  zone  (Dawson  et  al,  1981;  Meyer  and  Tate,  1983). 

Nature  of  DOC 

Preliminary  results  of  the   two  main   fractions  of  DOC 

isolated  from  groundwater  at  Rodney  and  All  is ton  are 
summarized  in  Figure  3.  At  Rodney  the  amount  of  dissolved 
hydrophobics  varied  between  15  and  88  percent  o£  the  total 
DOC,  and  showed  significant  variations  with  depth  (Fig  2). 
Similarly,  the  hydrophillc  fraction  also  varied  with  depth 
to  between  12  and  35  percent  of  the  total  DOC.  At  Alliston 
the  amount  of  hydrophobic  DOC  ranges  between  0  and  50 
percent  of  the  total  DOC.  The  hydrophobic  fraction  of  DOC  in 
these  aquifers  was  determined  to  be  >95%  fulvic  acid, 

preliminary  data  from  the  Rodney  field  site  suggests 
the  awount  of  DOC  and  its  fractions  may  be  temporally  and 
spatially  variable  in  aquifer  recharge  environments  due  to 
seasonal  variations  associated  with  groundwater  recharge. 

Hydrologic  transport .  however ,  may  account  for  only 
part  of  the  variation  in  the  hydrophillc/hydrophoblc 
fraction  of  DOC  m  groundwater.  In  the  aquifers  at  Rodney 
and  Alliston  the  hydrophobic  fraction  of  the  DOC  shows  a 
strong  correlation  with  the  total  concentration  of  DOC  (r^  = 
0.96;  Fig  3).  However,  the  hydrophillc  fraction  does  not 
correlate  as  strongly  with  total  concentration  of  DOC  (r^  = 
0.52},  Thus,  changes  m  DOC  concentration  observed  with 
depth  are  primarily  due  to  changes  in  the  hydrophobic 
fraction,  and  to  a  lesser  extent  the  hydrophillc  fraction. 

GC-MS  and  carbon  isotoplc  characterization  of  the  DOC 
at  the  Rodney  site  suggest  that  microbial  processes  may  also 
bfe  an  Important  control  over  the  hydrophillc  fraction  ot  the 
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DOC.  Tabla  I  lists  compounds  that  we  H«re  able  to  Identify 
by  0C-M8  for  the  hydrophillc  fraction.  The  GC-MS 
chromatogram  indicated  the  hydrophilic  fraction  at  12S  cm 
depth  was  conposed  nainly  (estimated  >95%)  of  very  low 
■olecular  weight  coapounds  (Cf-Ci).  The  largest  OC  peak  was 
identified  as  methyl  acetate.  The  GC-MS  used  was  not  able 
to  positively  identify  smaller  organic  compounds,  such  as 
formate.  Acetate,  however,  is  a  well  known  microbial  by- 
product  of  anaerobic  fermentation  of  kerogen  and  perhaps 
DOC,  and  is  the  most  common  volatile  fatty  acid  found  in 
natural  waters  (Miller  et  al,  1979;  Barcelona,  1930;  Thurman 
1995).  Interestingly,  methyl  acetate,  as  well  as  many  other 
LMW  compounds  Identified  at  125  cm  (D0C=12  mq  c/L) ,  are  not 
present  at  a  depth  of  250  cm  (DOC  =  4  mg  C/L;  Table  1).  we 
believe  many  of  these  LMW  conpounds  may  have  been  utilized 
by  microbes  in  the  zone  of  denitrif Ication  and  sulfate 
reduction  that  occurs  between  IDO  and  20D  cm  depth.  LMW 
organic  acids,  and  especially  acetate  are  well  known 
substrates  for  nitrate,  sulfate  reducing  and  methanogenic 
bacteria  (cf.  cappenberg  and  Prlns,  1974).  it  is  possible, 
however,  that  seasonal  variations  in  DOC  recharge  nay  also 
affect  the  types  of  LMW  compounds  entering  the  aquifer. 

Virtually  all  LMW  compounds  identified  in  the 
hydrophilic  fraction  of  the  DOC  at  Rodney  (Table  1 )  are 
potential  degradation  products  of  llgnins,  cellulose,  and 
soil  organic  matter  {Thurman,  1985).  The  two  chlorinated 
compounds  identified,  however,  may  possibly  be  the  result  of 
a  reaction  of  chlorine  (from  chlorinated  herbicides?)  and 
fulvic  acid  (cf.  Oliver  and  Visser,  1980),  and/or  derived 
from  degradation  of  herbicides  and  fertilizers  applied  to 
the  field. 

The  data  also  suggest  that  some  U.S.A.  EPA  rated 
priority  pollutants  (eg. ,  toluene,  benzene,  xylenes)  occur 
naturally  at  trace  levels  in  groundwater,  although  it  was 
not  possible  with  the  isolation  method  used  to  quantify 
their  concentrations.    Our   research  suggests   that  further 
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data  on  "natural"  levels  of  toxic  organic  compounds  In 
groundwater  should  be  obtained.  A  separation  between 
"natural"  and  anthropogenic  organic  compounds  may  provide 
better  criterion  for  the  establlsbment  of  drinking  water 
guidelines . 

Carbon  Isotopes  and  DOC 

Preliminary  results  of  ^^C/^^c  and  1*C  TAMS  analyses  of 
the  hydrophobic  and  hydrophllic  fractions  of  the  DOC  from 
the  Rodney  aquifer  are  summarized  In  Figure  2.  Carbon-13 
isotope  values  measured  for  both  hydrophobic  DOC  samples 
were  -27.3  o/oo  and  -30.5  °/oo  (PDB;  Fig  2).  These  values 
are  similar  to  soil  organic  matter  and  humlc  substances 
derived  from  C3-type  vegetation  (Oelnes,  1960).  The  &'^^c 
value  of  the  hydrophllic  fraction  at  125  cm,  however,  has  an 
extremely  depleted  value  of  -47  °/oo  (PDE).  If  one  assumes 
that  the  hydrophllic  fraction  at  125  cm  is  a  result  of 
microbial  fermentation  of  particulate  organic  matter  and/or 
DOC,  as  l6  suggested  by  the  presence  of  methyl  acetate  in 
the  sample,  then  microbial  isotope  effects  may  be  the  cause 
for  ^^C  enrichment  in  the  sample.  This  carbon  i so topic 
fractionation  process  may  be  analogous  to  the  large  isotope 
effects  observed  in  microbial  methane  fermentation  (cf . 
Deines,  1980;  Barker  and  Fritz,  1981). 

A  loss  of  1-c  enriched  LMW  acids  is  evident  below  the 
nitrate  and  sulfate  reduction  zone  at  Rodney.  At  250  cm 
depth  only  larger  molecular  weight  (^Cg)  organic  compounds 
were  identified  and  the  sample  had  a  &^^C  value  oE  -24.0 
O/oo,  which  16  similar  to  that  of  the  precursor  Cj  plant 
matter  {Deines,  1980) .  It  Is  possible  that  Lmh  organic 
compounds,  such  as  acetate  or  formate,  are  preferentially 
utilized  by  nitrate  and  sulfate  reducing  microbes  in 
groundwater. 

Radiocarbon  data  for  the  hydrophobic  and  hydrophllic 
fractions  of  the  DOC  at  Rodney  are  also  summarized  in  Figure 
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2.  The  results  indicate  significant  differences  in  ^*C 
activity  between  hydrophobic  fiamples  collected  at  125  and 
250  cm  depth,  (NOTE:  ^^C  activity  is  usually  expressed  as 
percent  modern  carbon-  PMC,  or  as  a  conventional  age  in 
years  before  1950  -  B.P.)  Substantial  differences  In  ^*C 
activity  are  also  observed  between  the  hydrophobic  and 
hydrophllic  fractions.  The  hydrophobic  fraction  at  125  ca 
has  a  l^c  activity  of  91.6  PMC  (600  years  B.P.),  but  has 
only  76  PMC  (2,200  years  B.P.)  at  250  cm  (Fig  2).  Clearly, 
the  hydrophobic  fraction  at  125  cm  (91.8  PMC)  must  originate 
from  the  upper  soil  profile  when  compared  to  the  I'c 
activity  of  hunlc  substances  extracted  from  a  core,  which 
are  only  79  PMC  (1,910  years  B.P.)  at  a  depth  of  30  cm  (Fig 
2). 

Considering  the  hydrology  of  the  Rodney  aquifer,  the 
reduction  in  l*c  activity  of  the  hydrophobic  fraction  cannot 
represent  the  advectlve  residence  time  between  125  and  250 
cm.  Two  theories  may  account  for  this  lower  1*C  activity  of 
the  hydrophobic  fraction  at  250  cm.  one  possibility  is  that 
the  hydrophobic  fraction  of  the  DOC  Is  a  mixture  of  young 
carbon  from  the  soil  zone  and  older  components  from  the 
sediments,  the  latter  being  nore  significant  at  depth.  This 
mixing  of  young  and  older  hunic  substances  may  be  seasonally 
variable.  However ,  one  can  also  argue  that  perhaps  a 
"younger"  (and  more  labile?)  coiaponent  of  the  hydrophobic 
fraction  of  the  DOC  is  being  preferentially  consumed  by 
microbes.  It  Is  generally  believed  that  humic  substances 
and  aquifer  kerogen,  due  to  their  refractory  nature,  are  not 
a  readily  available  carbon  source  for  microbes.  If  this  Is 
true  then  the  addition  o£  large  molecular  weight  humtc 
substances  from  aquifer  organic  material  would  not  account 
for  the  observations. 

A  second  possibility  is  that  the  ^^C  activity 
differences  of  the  hydrophobic  fraction  in  the  aquifer  as  a 
whole  eiBply  reflect  temporal  differences  m  the  i^c 
activity  of   DOC  entering  the  aquifer   from  the  vadose  zone 
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{le,  spring  DOC  flux  vs.  fall  recharge).  in  this  respect  it 
Is  Interesting  to  note  that  the  lower  *^C-DOC  activity  at 
250  cm  depth  is  paralleled  by  a  fil^o  value  of  the  water  near 
-11  "^/oo  reflecting  winter /spring  recharge ,  whereas  the 
sample  collected  at  125  cm  has  a  &'^^0  value  near  -8  O/oo 
reflecting  summer/fall  recharge. 

The  1*C  activities  of  the  hydrophilic  fraction  are 
significantly  lower,  67-69  PMC  (2930-3280  years  B.P.),  than 
the  hydrophobic  traction  and  are  similar  for  both  samples 
(Fig  2}.  This  requires  a  significant  Input  of  old  carbon  to 
the  hydrophillc  traction  of  the  DOC. 

We  have  identified  a  large  component  of  LHH  organic 
acids  for  the  sample  at  125  cm  at  Rodney  (Table  l).  The 
presence  of  methyl  acetate,  and  possibly  the  ^^c  enrichment, 
may  indicate  this  fraction  of  the  DOC  contains  a  significant 
amount  of  organic  solutes  derived  from  microbial 
fermentation  of  kerogen  and/or  DOC.  This  fraction  does  not 
correlate  strongly  with  total  amount  of  DOC  {Fig  3),  which 
has  been  shown  to  vary  seasonally,  and  is  generally  present 
in  concentrations  of  less  than  2  mg  C/L.  The  similarity  of 
the  i*c  content  of  the  hydrophillc  fraction  of  the  DOC  and 
the  carbon  in  the  solid  phase  (Fig  2)  seems  to  suggest  a 
direct  link  between  the  two  compotients. 

Current  Research 

Completion  of  field  research  and  data  analysis  will 
comprise  the  final  year  of  this  project  (1988-19891.  Our 
iDimediate  goals  are; 

1.  to  complete  isolation  of  natural  DOC  at  Alllston  and 
Sturgeon  Falls  for  geochemical  analyses, 

2.  to  complete  isotopic  and  GC-MS  analyses  of  DOC  at 
Alllston  and  Sturgeon  Falls  sites. 

3.  to  complete  detailed  characterization  of  aquatic 
humic  substances  from  all  three  sites, 
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to  Identify  redox  processes  that  utilize  DOC  and 
affect  the  c,  S,  and  N  cycles  of  these  aquifers, 
to  present  a  cognitive  nodel  for  the  origin  and  age 
of  natural  organic  solutes  In  different  groundwater 
regiines,  and, 

to  present  a  quantitative  geocbenical  model  for  the 
evolution  and  nass  tranefer  of  DOC  In  groundwater 
flOH  systens. 
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Table  1.  GC-MS  Identified  dissolved  hydrophiltc  compounds  fro« 
Rodney  sand  aquifer.  Samples  were  thermally  desorbed  £roB 
Bilicallte  molecular  sieve. 


R3-1  -  125  cm  R3-6  -  250  cm 

OQiDiaaaC  Coiniiounds 

methyl  acetate  none 

KluQX  ComBOunds 

toluene  ii-hexane 

hydroxylamine  p  +  m  xylenes 

chloroform  cyclohexane 

2-ethyl-l-hexaiiol  cyclopentane 

p  +  m  xylenes  stearic  acid 

diphosphoric  acid,  dilsooctyl  ester     palmitic  acid 

1 , 2-dichloro-benzene 

2 -methyl  propanate 

2  .e-dimethyl-noiiane 

benaene 

ethyl  benzene 

benzoic  acid,  methyl  ester 
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List  o£  Figures 

Figure  1.  Concentrations  of  natural  organic  solutes  in  two 
unconfined  sand  aquifers  of  Ontario.   Triangles  denote 
the  Alllston  site,  and  squares  denote  Sturgeon  Falls 
field  site. 

Figure  2.  DOC  concentiationa,  percentage  of  hydrophobic  and 
hydtophlllc  fractions  of  the  DOC,  weight  percent 
organic  solids,  14C  activity  and  13C  (PDB)  Isotope 
values  of  DOC  and  organic  solids  from  the  Rodney  sand 
aquifer.  Sampling   times   are  denoted  by;   D  -  January, 
1987,  iQ    -    March,  19B7,   ^  -  June,  1987,  •  -  April, 
1986,  Vadose  zone  data  (&)  and  weight  \  organic  solid 
determinations  (•)  from  Starr  et  al  (1987),   Note  upper 
scale  for  vadose  zone  DOC  concentrations.  See 
preliminary  discussion  of  data  for  details. 

Figure  3.  Correlation  of  the  hydrophobic  and  hydrophillc 

fractions  of  Doc  with  total  DOC  concentration.  Based  on 
combined  data  from  the  Rodney  and  Alliston  sand 
aquifer . 
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Intruduttion 

Industrial  aciivity  incviiably  generates  by-products  that  can,  if  uncontrolled,  create 
environitttntal  problems.  Thus  coal  burning  for  power  generation,  coke  production,  or 
domestic  consumpiion,  gives  rise  to  fly  ash  that  contains  polyniiclcar  aromatic 
hydrocarbons  (PAHs)  and  elevated  levels  of  heavy  metals.  The  fallout  from  such  activities 
can  raise  the  levels  of  these  contaminants  in  surrounding  soils  and  sediments.  Process 
water  for  industry  can  become  contaminated  with  the  products  w  by-producis  of  that 
industry  and  hence,  at  the  outflow  of  the  industry,  this  water  can  become  a  point-sotirce  t>f 
contamination.  PCBs  appear  in  the  cnvironmcm  because  of  accidental  spills  from  the 
manufacture  or  destruction  of  transformers  and  from  the  use  in  formulations  in  printing 
inks,  culling  oils,  lubricating  oils,  etc. 

PAHs 

Polynuclear  aromatic  hydrocarbons  (PAHs)  arc  associated  with  sooi  and  tar 
materials.  They  mc  adventitious  products  of  pyrolysis  of  carbon-rich  maieriaisand  have  the 
dubious  reputation  of  being  a  major  component  of  the  first  identified  c^tinogcnic  material. 
Thus  soot  was  identified  in  ihc  eighlccnth  century  as  the  cause  of  scrotum  cancer  among 
chimneysweeps'. 

Since  their  identification  as  hazardous  materials,  much  work  has  been  done  to 
identify  the  mode  of  action  and  the  relative  carcinogenicity  of  the  many  components  of 
PAHs.  PAHs  at  high  concentrations  in  sediments  have  given  rise  to  tumour  formation  on 
Ihc  lips  of  bottom  feeding  fish.  Also,  PAHs  can  be  transferred  from  sediments  to  the  fatty 
tissues  of  shellfish,  crustaceans  and  fish.  The biomagnifica lion  effect  may  make 
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conccntraiions  of  PAHs  sufTicicnily  high  in  the  adipose  tissues  of  fish  H)  give  cause  for 
concern  if  these  fish  were  to  be  eaKn. 

Heavy  Metals 

Metal  processing  industries  have  inevitably  produced  wastes  that  are  contaminated 
with  tnciois  and  acidic  materials.  Thus  fly-ash  from  smelting  can  contain  volatile  metals 
such  as  arsenic  and  tin  as  well  as,  for  example,  iron.  Process  water  cwi  become 
contaminated  with  metals  which  co-prccipitaie  with  hydraied  iron  oxides. 

An  clement  of  particular  concern  in  the  aqueous  environment  is  nickel. 
Concentrations  of  nickel  as  low  as  5-10  |j.g  L^'  have  cxteraiinaicd  Daphnia  species  within 
three  generations^.  The  effects  on  embryonic  stages  of  the  rainbow  trout  (saltno  gairdneri) 
mdicate  that  the  LC50  value  is  as  low  as  50  ^g/L.  DifTcrent  species  show  different 
sensitivities,  the  lowest  fish  sensitivity  may  be  in  the  common  gold  fish  (ctrassius  auranis) 
whose  LD50  is  2.8  mg  L"  •  • . 

The  use  of  nickel  in  specially  steels  makes  nickel  a  potential  pollutant  from  steel 
making  industries  such  as  Atlas  Steels.  Olbcr  elements  such  as  chrmmum,  cobalt  and  zinc 
would  be  considered  less  problematical  fttm  an  environmental  toxicological  standpoint. 
Although  chromium  in  its  +6  oxidation  state  is  a  serious  hazard,  this  is  usually  derived 
from  metal  finishing  industries,  where  dichromaie  is  used  in  plating  baths*. 
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FCBs 


t^  polychlorinated  biphenyls  were  manufactured  on  a  substantia]  scale  between 
1930  and  1970.  The  major  uses  for  these  compounds  were  transformers  and  capacitors, 
but  [hey  were  also  used  in  lubricating  oils,  printing  ink  formulations,  plasticisers  and  as 
additives  in  petroleum  products. 

The  discovery  of  PCBs  in  fish  and  the  accidental  contamination  of  rice  oil  in  Japan 
in  ihe  late  1960s  led  lo  a  voluniary  ban  on  the  use  of  PCBs  in  1970.  These  regulations  have 
been  tightened  up  since  this  time  and  control  over  PCB  iransponaiion  is  now  highly 
regulated. 

Thermal  treatment  of  PCBs  can  lead  to  the  formation  of  polychlorinated 
dibenzofurans  (PCDFs),  whose  loxicotogical  properties  parallel  the  poiycMorinaicd 
dibenzodioxins,  Thus  transformer  sbons  and  low  temperature  incineration  of  transformers 
(such  as  might  occur  in  scrap  metal  yards)  can  lead  to  the  production  of  PCDFs^. 

Description  of  Work  to  Dale 


PCBs 


Sediment  samples  were  acquired  from  a  number  of  locations.  The  PCB  study 
involved  samples  l^en  from  the  12  Mile  Creek  and  tributaries,  from  ManindaJe  Pond  and 
from  ihe  V/elland  River  and  tributaries.  Fish  samples  were  also  acquired  from  as  many 
locations  as  possible.  The  expectation  was  that  bioraagnificaiion  could  lead  to  increased 
levels  of  PCBs  in  fish  tissue  and  this  might  pomt  to  locations  of  high  concentration.  A 
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variciy  of  species  of  fish  were  taken  lo  see  if  ihere  was  any  variaiion  in  the  concentrations 
of  PCBs.  Locatimis  of  sediment  samples  and  results  are  shown  on  maps  1,  2  &  3  and  in 
Table  I .  Fish  sample  results  are  shown  in  Table  2. 

Results  to  dale  for  sedinient  samples  and  for  fish  show  levels  of  PCBs  below  our 
level  of  quantitation,  usually  not  detectable.  Quality  assurance  checks  with  M.O.E.  labs  in 
Rcxdaic,  analysis  of  a  lake  troui  [aken  from  the  Niagara  River  and  analysis  of  the  sediment 
referent:e  material  from  CCIW  showed  our  methodology  to  be  adequate  for  the  extraction 
and  quantitation  of  PCBs  down  to  a  concentration  of  100  pph. 

Chlorinated    Pesticides 

Since  chlorinated  pesticides  tend  to  interfere  with  the  analysis  of  PCBs,  these 
compounds  were  separated  by  chromatography  in  all  samples  that  were  also  analysed  for 
PCBs.  Unfonunaicly,  sulfur  proved  to  be  a  problematical  inicrfercncc  in  the  determination 
of  aldrin.  thus  resulls  for  aldrin  have  been  removed.  The  analysis  for  the  remaining 
pesticides  is  listed  in  Tables  1  &  2. 


TABLE  1 

PCB  ANALYSIS  ON  SEDLMENT  SAMPLES 

SAMPLE 
SERIES 

SAMPLE 

# 

LOCATION 

RESULTS 
FOR  PCB'S  • 

12  Mik 
Creek*] 

1 

Old  WcUand  Canal 
Souih  Side 

n.d. 

12  Mik 
Creek  «1 

2 

Old  Welland  Canal 
Eastof  junciion 
South  side 

n.d.. 

12  Mik 
Creek  #1 

3 

Old  WcUand  Canal 
100  m  West  of  old 
bridge  Gkndale  Ave. 

o.d. 
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12  Mile 
aeck#l 


12  Mile 
Creek  1*1 


12  Mile 
Creek  #2 


12  Mile 
Creek  #2 


12  Mile 
Creek  #2 


12  Mile 
Creek  #2 


12  Mile 
Creek  #2 


Old  Wclland  Canal 

North  side  200  m 
East  of  junction 

Old  Wetland  Canal 
South  of  Weir 
East  side 


Old  Welland  Canal 

Southside 

(>-S  cm  deep 

Old  Welland  Canal 

Southside 
5- 1 0  cm  deep 

Llpsircam  of  Weir 
at  Old  Welland 
Canai 

At  406 


South  end  of 
G.M.  plant 


n.d. 


a.d. 


Eastfh  ester 

1 

At  landfill  Dutfall 

n.d- 

Easichesicr 

2 

F^si  stream  ai 
footbridge,  adj.  to 
Oakdalc  Ave, 

s.d. 

Eastchester 

3 

Old  Welland  Canal 
at  406  Geneva  cutoff 
0-5  cm  deep 

<lOOppb 

Eastchesier 

4 

Old  WcUand  Canal 
at  406  Geneva  cut-off 

5-10  cm  deep 

<100ppb 

Easichesicr 

5                Adj.  10  Domtar  outfall 
OU  Welland  Canal 

at  Walker's  Mile 

D.d. 

B.F.  Goodrich 

1 

D.d. 

B.F.  Goodrich 

4 

nAi 

B.F.  Goodrich 

7 

n,d. 

n-d. 

<100  ppb 
n.d. 

n.d. 

n.d. 
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12  Mile 
CreekW 

6 

At  north  end  of 
CM.  plant 

<100ppb 
(hydrocarbons) 

Maitindalc 
Pond 

1 

Soulh-wesi  side 
Manindale  road 

n.d. 

Manindale 
Pond 

2 

Nwth  end  ai 

Pon  Dalhousie  House 

n.d. 

Manindale 
Pond 

3 

At  Se^lane  Dock 

il.d. 

Maitindale 
Pond 

4 

West  side. 

Henley  Island 

n.d. 

WcUand  River 

1 

Reef,  Alias  Steel's 
outfall 

ii.d. 

Wclland  River 

2 

Reef,  Atlas  Steel's 
outfall  (organic  rich) 

<100  ppb 

Wclland  River 

3 

Thompson's  Creek  at 
Chippawa  Creek  Rd. 

<100ppb 

Wclland  River 

4 

Lyon's  Creek  u 
WillodcU  Rd. 

n.d. 

Welland  River 

5 

Tea  Creek  at 
Willodell  Rd. 

sample  destroyed 
while  being  processed 

Welland  River 

6 

Grassy  Bank  Creek 
ai  Morris  Rd. 

n.d. 

CCIW  Scdimen 

sEandard 

quantified 

1 .44  ppm 

12  Mile  Geek 

XI 

Adjacent  lo  bridge 
Glendale  Ave 

n.d, 

Sucker  Qeek 

X2 

At  Welland  River 

n.d. 

Welland  River 

X3 

At  Regional  Rd,  #24 

n.d. 

Beaver  Creek 

X4 

At  Welland  River 

n.d. 

*  n.d.  -  not  detected 
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TABLE  2     WELI.AND  RIVER  FISH 


Name 

l^ati<Mi                PCB  • 

Oreanochlorine  • 

Rock  Bass  (2) 
Ambli  <pliies 
rupeams 

AdasSlorls            1.  n.d, 

2.  <().100ppm 

1.  n.d. 

2,  DDE  0.16  ppm 

SllKlt 

Hypomesia 
dlidus 

Adas  Siecb            <0.  tOO  ppm 

chlordane  0.04  ppm 

Blucgill  sunfish 

Lepomis 

macrochirus 

Atlas  Sleets            n.d. 

n,d. 

Sheephcail 

Arcbi'sagus 

prt>httnx:ephaius 

Alias  Sieels           <O.!00ppm 

chlordane         0.09  ppm 

DDE                  a  17  ppm 

Emerald  Shiner 

Notropis 

atherimiides 

25  m  downstream  <0,l(K)  ppm 
from  Ailas- 
Man.sfield  sewer 

chlofdane  <0.02p 

Gizz;ird  Shad 

Dor<isoma 
cepediamun 

Immediaiely           <0. 100  ppm 
downstream  of 
B.F.  Gcodrich  plant 

chlordane  <0,02p 

Golden  -Shiner 

Notemigonus 

crysnleutas 

Immediaiely           n.d. 
downstream  of 
B.F.  Goodnch  plant 

n.d. 

Emerald  Shiner(2) 

Notropis 

atherinnides 

Immediately             1,  n.d, 
downstream    of     2.  <0. 100  ppm 
Thompson's  Cteck 

! .  chlordane  <0.02  ppm 
2,  DDE  0.17  ppm 

-BHC  0  03  ppm 

Emccrald  Shiner 

!^(>trnpis 

caherirutides 

Emerson  Bridge     <0-10()ppm 

chlordane  <0.03ppm 

Goldiin  Shiner 
Noiemigonus 

crysoteucas 

Wc Hand  Airport     n.d. 

DDE  0.1 2  ppm 
chlordane  0.04  ppm 

Carp 

r\prinus 

..n'ii' 

Lake  Gibson          n.d. 

n.d. 

Carp/Goldfish  hybrid  LakcGibson          n.d. 
Cyprima  carpuil 
Cartisxiux  aureams 

A.d. 
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Channel  CatTish  Lake  Gibson  n.d.  Iltd. 

Ictahirus 

puncaaius 

Brown  bullhead  12  Mile  Creek       <0.100  ppm  chlordane  <0.020  ppm 

ktalwus  K-mari  Plaza 

nebuhsus  Sl  Catharines 

•  n,d.  -  not  detected 

Survey  Scana 

A  number  of  samples  were  analysed  by  GC^MS  to  delennine  the  nature  of 
contaminants,  other  than  PCBs  and  chloiitiated  pesticides. 

The  complex  nanirc  of  some  of  the  oily  sediments  in  the  1 2  Mile  Creek  and  Welland 
river  made  analysis  difUcult,  due  to  the  extrentely  large  numbers  of  peaks.  Some  success 
was  achieved  with  the  IZ  Mile  Creek  sediments  taken  trom  the  confluence  with  the  Old 
Welland  Canal,  below  St.  Paul  Street  in  St.  Catharines.  The  compounds  identified  include 
a  number  of  long  chain  alkyl  benzene  congeners  with  ten  to  iwelvc  carbons  in  the  chain. 
Also  identified  were  diethyl  biphenyl.  dimeihylbiphenyl,  hexaethyl  benzene,  and  p- 
tcrphenyl,  any  of  which  could  be  associated  with  transformers  as  cooling  agents.  Phenohc 
compounds,  most  likely  resulting  from  lignin  degradation  in  ihe  processing  of  wood  pulp 
were  also  prcsenL 

In  contrast  lo  the  1 2  Mile  Creek,  the  Welland  River  proved  to  be  much  more 
complex.  Essentially  every  s^nplc  taken  from  the  Welland  River  downstream  from  the  city 
of  Welland  contained  polynuclear  aromatic  hydrocarbons.  This  finding  is  consistent  with 
the  observations  reported  by  E.G.  Adamck  in  a  rcpon  for  the  Ministry  of  the  Envirooroent, 
published  in  1976.  In  this  report  high  levels  of  benzo-|aI-pyrcne  and  bcnzo-[k)- 
fluoranthcne  were  reported  in  the  air  downwind  of  major  tnanufaciuring  facilities  in  the  city 
of  Welland.  The  fallout  from  these  activities  would  accumulate  in  the  sediments  of  the 
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Wcilund  River  which  flows  almost  directly  along  the  path  of  the  prevailing  wjimJ.  [n 
parallel  work  funded  by  the  World  Wildlife  Fund,  or  sediineni  near  ihe  B.F,  Goodrich 
plant  has  shown  a  slightly  positive  SOS  thromoioxiciiy  test  when  activated  by  S9  liver 
tnicrosomcs*.  suggesting  thai  this  Wclland  River  sedimeni  may  be  mutagenic.  Wc  have 
developed  a  GC  method  for  the  determination  of  PAHs  thai  appears  to  improve  the 
detection  limit  for  lale-cluling  PAHs.  Wc  feit  that  this  would  be  important  in  our 
di-termi nation  of  the  more  toxic  PAHs  such  as  bcn«>-[ajpyrene  in  the  Wclland  River,  This 
method  is  currently  being  prcparal  for  publication, 

The  B.F,  Goodrich  plant  on  the  Wclland  River  makes  poK-vmyl  chlOTidc  and 
several  o[her  vinyl  polymers.  These  polymers  are  produced  by  emulsion  polymerisation  in 
aqueous  solutimis  containing  detergent.  Sodium  lauryl  sulfate  is  the  major  detergent  used  in 
this  process.  The  treaimeni  of  waste  waters  from  the  polymerisation  process  produces  an 
effluent  that  flows  into  the  Wclland  River,  Inspection  of  the  outfall  from  B.F.  Goodrich 
showed  that  the  sediment  and  pebbles  on  the  bottom  of  the  river  adjacent  to  the  outfall  were 
coated  with  algal  organisms.  The  analysis  of  the  sediment  showed  the  presence  of  long 
chain,  typically  C\2.  alcohols,  Alkyl  sulfonates  would  likely  hydrolyse  lo  the 
corresponding  alcohols  during  the  water  treatment  process.  This  lich.  readily  metabolised 
carbon  source  is  probably  rcspon.sihle  for  the  rich  alga!  growth, 

A  curious  series  of  samples  were  obtained  from  the  area  of  the  Ford  Glass  plant, 
which  is  close  to  the  Queen  Elizabeth  Way.  The  appearance  of  a  series  of  peaks  in  the 
GC/MS  scan  with  vinually  identical  mass  spectra  corresponding  to  a  polynuctear  aromatic 
compound  (in  this  case  Eiih£I.atiibracene  or  phenanthrene)  but  carrying  a  C(iH!3  moiety 
somewhere  on  Ihe  nucleus.  Again,  (here  were  a  number  of  peaks  with  the  same  formtjla 
weigh!  and  basic  mass  spectral  fragmentation  pattern  which  suggested  a  series  of 
congeners.  As  with  other  congeners,  the  temptation  is  to  think  thai  these  compounds  aie  the 


185 


products  of  a  chemical  synthesis  rather  than  the  adventiiious  products  of  a  combustion 
process.  Whereas  methyl,  or  even  dimethyl  polynuclcar  aromatic  ctmipounds  can  be 
formed  from  pyrolysis  of  carbonaceous  materials,  it  seems  very  unlikely  that  a  series  of 
congeners  containing  an  unusual  CgHis  group  would  survive  such  a  process. 

Inorganic  Survey 

Because  of  tfie  vjsiWc  pltcnes  of  iron-rich  maorial  and  elevated  conductivity  levels. 
Atlas  Steels  outfall  was  investigated  to  determine  if  levels  of  toxic  elements  were 
accumulating.  Levels  of  cobalt,  copper,  tead.nicke!  and  zinc  were  high  inihcreef  that  was 
fonned  around  the  outlet  from  the  Atlas  Steels  plant. 

Collaboration  with  Niagara  River  Improvemenl  Team 

At  the  request  of  Jack  Viirland  and  Mike  Jovanovich  of  the  NRIT  wc  set  up  a  series 
of  extractions  of  efHucnis  from  a  number  of  industries  and  sewage  treatmeni  plants 
discharging  directly  or  indirectly  into  the  Niagara  River.  Analysis  provided  some 
inttrcsting  inframation  to  that  group.  Scans  were  run  to  determine  if  other  compounds  were 
being  missed  in  the  normal  scan.  In  faa,  morpholine.  a  compound  which  is  used  to  descale 
boilers,  appeared  as  a  significant  peak  in  several  effluents  from  industries  -  no  doubt  from 
boiler  blow-down.  Compounds  identified  as  purines  were  also  found  in  some  of  the 
effluents  leading  to  ihc  conclusion  thai  sewage  from  the  plant  was  not  always  being 
directed  to  die  sewage  treatment  plant.  The  appearance  of  methyl  phthalaic  in  the  efnueni 
of  die  F«t  Erie  (Anger  Ave)  sewage  treatment  facility  confiimcd  the  Ministry's  detection  of 
this  compound  in  the  effluent 
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Ongoing  Work 

Although  no  PCBs  wcie  found  in  [he  top  10  cm  of  seditnraii  in  the  Old  Welland 
Canal,  persistent  stories  of  PCBs  being  dumped  into  the  old  canat  suggests  ihui  a  deeper 
core  from  the  old  canal  may  provide  evidence  of  this  dumping.  Ai  the  present  time  iherc  are 
thick  organic  (wood  filn^?)  sediments  in  the  lagoon-tike  area  of  the  old  canal.  If  the 
w:d indentation  has  been  rapid,  the  accumulated  sediment  may  be  covering  any  PCBs  that 
were  dumped,  say.  twenty  to  ihiriy  years  ago.  Because  the  sediments  coniam  a 
considerable  hydrocarbon  fraction,  GC/MS  with  selective  ion  monitoring  will  be  necessary 
to  deiermiite  PCBs  in  such  a  mixture.  Samples  of  this  sediment,  down  to  the  limits  of 
retrieval  of  a  Livingstone  sampler  (1,1  meter  in  this  case),  are  currently  being  analysed  in 
oui  laboratory. 

Atlas  Sieels  had  controlled  much  of  its  emissions  of  in>n  rich  material.  However. 
because  ii  is  a  collector  of  other  metals,  the  flot-culcnt  hydniicd  iron  oxide  siiU  discharged 
from  Atlas  Steels  is  being  analysed  to  determine  if  this  material  can  act  as  a  earner  of  toxic 
metals  into  the  ecosystem.  After  the  determination  of  metals  available  by  nitric  acid 
treaimcnt.  leaching  deienninaiions  will  be  made  to  determine  the  availabihty  to  wganisms, 
The  extent  of  migration  of  the  metals  from  the  Adas  Steels  outfall  is  being  mapped  to 
provide  information  and  to  help  in  any  decisions  that  will  be  made  with  respect  to  possible 
remedial  action.  The  polynuclear  aromatic  hydrocarbons  in  the  WcUand  River  are  being 
determined  and  the  levels  of  these  compounds  in  the  system  wi]|  be  mapped.  This  will  be 
an  interesting  study  that  should  show  the  relationship  between  the  likely  source  of  the 
material  in  Welland  and  its  distribution  in  the  nver  as  a  result  of  aerial  distrihuiion  and 
sediment  transport. 
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flESEARCH  AND  DEVELOPMENT  OF  PERMANENT  ONSITE 

SOLUTIONS  FOR  CONTAMINATION  OF  GROUNDWATER 

AT  WASTE  DISPOSAL  AND  INDUSTRIAL  SITES 

IN  CANADA 


Richard  J.  Rush 

CANVIRO  Consultants,  A  Division 

of  CH2M  HILL  Engineering  Ltd. 

This  paper  consists  of  an  overview  of  a  recently-awarcSed 
two-year  project  to  research,  develop  and  demonstrate  perma- 
nent onsite  solutions  for  groundwater  contamination,  specif- 
ically contamination  attributable  to  toxic  organic  chemi- 
cals.  The  Uniroyal  Chemical  Manufacturing  Plant  in  Elmlra, 
Ontario  has  been  selected  as  a  demonstration  site  for  the 
methods  developed.   The  project  is  being  conducted  in  con- 
junction with  Morrison-Beatty  Limited,  and  it  is  being 
funded  by  the  Department  of  Supply  and  Services,  the  Ontario 
Ministry  of  the  Environment  and  Uniroyal. 

Phase  I  of  the  project  will  include  a  technology  update  (ie. 
literature  review)  on  groundwater  treatment  methods,  screen- 
ing of  treatment  technologies,  laboratory  and  pilot  scale 
studies  on  groundwater  and  soil  samples  from  the  Uniroyal 
Bite,  the  development  of  a  hydrogeological  management  model 
for  assessing  recovery  and  injection  well  networks,  and  pre- 
liminary design  work  for  the  selected  technologies. 

Phase  II  of  the  project  will  consist  of  field  scale  demon- 
strations of  selected  technologies.   In  situ  purge  well 
testing  followed  by  treatment  of  groundwater  at  surface  (ie, 
air  stripping  with  off-gas  treatment,  granular  activated 
carbon)  have  been  identified  for  possible  implementation,   A 
comprehensive  evaluation  will  be  made  for  each  of  the  demon- 
strations performed,  and  where  possible,  recommendations 
will  be  made  regarding  the  applications  of  these  technolo- 
gies at  other  industrial  and  waste  disposal  sites  with 
groundwater  contaminated  with  organic  chemicals. 

Because  this  project  has  just  been  started,  no  results  are 

available  to  present  in  written  form  for  this  conference. 
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in  Canada,  and  he  proposed  a  mechanism  to  account  for  it.  The  idea 
is  hard  to  accept  but  the  results  are  hard  to  refute.  One  wonders 
why  it  has  never  been  considered  in  routine  engineering  hydrology' 
work .  I  offer  three  possibilities :  1 )  engineering  hydro legists 
don't  know  about  the  work  or  don't  believe  the  results:  2)  it  is 
not  important  in  runoff  modeiing  or  analysis,  or  31  it  hasn't 
appeared  m  standard  texts  used  in  engineering  schools. 

Both  flood  water  and  storm  flow  have  been  important  in 
human  society  since  the  dawn  of  civilization.  I'd  like  to  convince 
you  by  conjectures,  that  groundwater  conditions  of  these  earliest 
irrigation  operations  eventually  led  to  the  downfall  of  the 
society.  We  might  think  of  it  as  the  first  social  disaster  caused 
by  neglecting  groundwater  in  operations  and  planning. 

The  favoured  places  for  irrigation  using  floodwaters  were. 
and  are,  the  flat  lowlands  of  rivers  and  lakes  plains,  where  the 
alluvial  surface  is  flat  and  gently  sloping. The  soils  are  rich, 
and  water  is  easily  delivered  to  the  fields.  The  agricultural 
society  that  first  developed  along  the  Tigris  and  Euphrates  rivers 
thrived,  in  part  we  know,  because  of  such  favourable  conditions 
But  the  society  eventually  failed  and  students  of  ancient  history 
commonly  include  water  problems  as  one  of  the  causes.  In  no  case  I 
know  of  do  the  historians  consider  the  fact  that  the  groundwater 
flow  system  may  have  been  an  important  contributor  to 
deteriorating  conditions  in  the  cultivated  fields.  The  link  is 
pretty  obvious  if  we  think  about  it.  Surely,  the  irrigated  fields 
were  in  a  zone  of  groundwater  discharge.  We  can  assume  this  with 
some  confidence  merely  from  descriptions  of  the  terrane-  low-lying 
land  adjacent  to  rivers.  Normal  evapotranspiration  of  the  water  by 
the  crops  would  cause  slow  accumulation  of  salt  and  salinization 
would  eventually  become  a  serious  problem.  The  common  practise  of 
flushing  out  the  salt  by  using  excessive  application  of  irrigation 
water  would  not  work  because,  being  in  a  discharge  zone.  the 
upward  groundwater  gradient  would  would  prevent  downward  drainage. 
Instead  of  flushing.  there  would  be  water-  logging.  Similar 
circumstances  are  noted  in  many  major  irrigation  schemes  of  the 
past  and  present.  According  to  Barney  "worldwide  an  estimated 
125,000  hectares  of  irrigated  land  are  lost  from  production  each 
year   due   to   waterlogging,    salinization.    and  alkalization.  " 

Now  I  want  to  turn  to  the  aspects  of  groundwater  that  we 
know  best., water  supply,  springs  and  streams  with  good  base  flow 
were  and  are.  the  favourite  sites  for  human  settlement.  We  note 
that  if  the  supply  is  small,  problems  are  few.  People  adapt  their 
needs  to  what  is  available.  In  an  extreme  case,  a  small  tropical 
island  of  carbonate  sand  is  home  to  several  families.  Before 
setting  foot  on  the  island  we  can  assume  that  a  lense  of  fresh 
water  occurs  in  the  porous  sand,  floating  on  saline  ocean  water. 
with  a  recharge-  discharge  regime  like  that  proposed  by  Hubbert , 
The  inhabitants  can  get  water  from  shallow  pits,  and  as  long  as 
they  use  only  fresh  water  that  is  about  to  be  discharged  into  the 
sea.  they  have  a  secure  supply,  A  similar  condition  occurs  on  a 
larger,  neighbouring  island.  Here,  discharge  occurs  in  a  contact 
spring,  and  the  inhabitants  have  a  secure  supply.  The  City  of 
Kupang,  Indonesia,  a  few  kilometres  away,  was  established  and  grew 
around   similar  springs.    Surface  water  is  almost  non-   existent. 
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because  of  the  highly  permeable  limestone.  Now,  less  than  50%  of 
the  inhabitants  are  served  by  the  water  system.  and  those  get 
service  less  than  50°^  of  the  time.  Improvement  of  the  system  is 
planned.  so  that  some  80%  of  the  people  will  have  a  continual 
supply  of  water.  The  question  then  is,  how  much  groundwater  is 
available?  Surface  water  sources  are  far  away  and  even  then, 
reservoir  sites  are  either  on  the  cavernous  limestone  or  a  clay 
formation  that  is  unstable  in  the  extreme.  The  clay  slopes  seem 
almost  in  motion  and  are  dangerous  in  the  rainy  season . 

A  simi  iat  hydrogeological  situation  is  encountered  on 
western  part  of  the  island  of  Java.  The  springs  at  Bogor  provided 
a  bountiful  supply  of  water  to  the  local  people  and  the  port  of 
Jakarta.  Now  Jakarta  has  a  population  of  seven  million.  Less  than 
one-third  of  the  people  have  water  service  and  many  depend  on  the 
half-million  or  more  shallow  wells.  The  drawdown  from  over  pumping 
has  reversed  the  natural  hydraulic  gradients  of  this  discharge 
zone.  allowing  sea-  water  intrusion  and  downward  flow  of 
contaminants  from  the  surface.  As  in  Kupang,  alternative  sources 
for  municipal  supply  are  costly  and  difficult.  These  centres  have 
simply  become  too  big  for  the  water  supply  that  served  them  so 
well  in  earlier  times. 

It  is  really  a  pretty  common  thing  to  see  a  city  that  has 
outgrown  its  original  water  source  and  needs  a  new  one.  In  most  of 
our  experience,  this  means  extensive  studies  and  major  capital 
investment.  In  Canada,  in  general,  we  can  buy  our  way  out  of  this 
sort  of  difficulty.  In  Kupang  and  Jakarta,  it  is  not  easy  to  see  a 
solution,  at  any  reasonable  cost.  What  is  obvious  is  that  the 
groundwater  resource  has  a  high  real  value  and  that  production 
must  be  "maximized"  as  we  say,  meaning  we  must  get  the  most  water 
out  of  the  system  that  is  possible  for  the  longest  time  and  with 
the  lowest  possible  negative  consequences . 

We  accept  the  problems  and  costs  of  water  supplies  of 
cities  as  one  of  the  conseguences  of  the  social  dynamism  that 
stimulates  their  growth  No  one  is  to  blame  and  the  answer  for  we 
Westerners  at  least.  is  to  get  more  water.  whatever  the  cost.  In 
Canada,  at  least,  we  can  solve  almost  any  water  supply  problem  by 
spending  money  and  this  seems  to  find  general  favour. 

We  might  like  think  that  in  use  of  water  for  personal 
busi ness  and  profit  we  would  behave  more  responsibly :  we  would 
nuture  our  lesources  and  think  ahead  and  consider  the  long-term 
consequences,  with  respect  both  to  our  own  good  and  that  of  the 
common  good.  The  record  indicates  otherwise. 

Consider  the  man  in  Nigeria  working  his  "shadoof  to  raise 
water  from  the  pothole  in  the  dry  river  bed.  At  this  place  no  rain 
has  ever  been  recorded  during  the  three  or  four  driest  months.  His 
market  garden  provides  him  with  a  good  living.  It's  not  a  great 
step,  technically.  to  dig  wells  in  the  alluvium  nearby  for 
domestic  supply,  and  then  to  step  out  farther  and  dig  wells  up  to 
60  metres  deep  to  reach  the  water  table.  Over  this  region  and 
elsewhere  in  the  "Sahel"',  groundwater  occurs  in  great  abundance  in 
good  aquifers.  It  is  not  over-exploited,  perhaps  in  part  because 
of  local  farming  tradition  and  methods.  but  perhaps  also  because 
there  is  no  obvious  market  for  their  crops  and  so  no  capital  is 
invested   in  wells   and  pumps  that  could  quickly  deplete   the 
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groundwater  reservoir.  This  resource  will  be  available  for  the  use 
of  the  next  generation  at  least. 

Over-  exploitation  for  agriculture  without  concern  for  the 
needs  of  future  generations  is  common  where  the  favourable 
combination  of  soils.  terrain,  climate  and  water  are  found  along 
with  economic  opportunity.  In  the  High  Plains  of  the  south  - 
central  U.S.A.  the  enormous  reserve  of  groundwater  in  the  Ogallala 
formation  is  exploited  by  some  170  thousand  wells  for  irrigation 
of  crops.  that  a  few  years  ago  were  surplus  to  demands  and  so 
supported  by  Federal  subsidies.  Regional  economy  depends  on  this 
industry  which  must  be  short-  lived  because  of  the  rapid  depletion 
of  the  groundwater  reserve.  The  current  generation  of  land-owners 
are  making  their  living  through  this  depletion.  Suggestions  for 
conservation  have  not  been  heeded,  in  fact  the  owners  now  get  a  Tax 
Depletion  Allowance  that  recognizes  their  land  is  depreciating  in 
value  as  they  mine  the  groundwater. 

In  the  Comarca  Lagunera  in  northern  Mexico  an  extensive 
irrigated  area  and  the  commercial  centre  of  Torreon.  with  a 
population  of  a  million  or  so  ,  depend  mainly  on  groundwater.  Here 
to  as  in  60  other  groundwater  basins  in  Mexico,  depletion  is  a 
serious  matter.  The  water  table  has  fallen  from  near  surface  to 
100m  and  more.  and  the  decline  is  several  metres  per  year.  A 
regional  economy  and  society  is  dependent  on  the  resource  and  in 
this  case  there  simply  is  no  other  resonable  alternative,  but 
there  is  some  economic  control  on  over-  exploitation  -  the  cost  of 
deepening  wells  and  lifting  the  water  100  m.  Not  much  scientific 
study  has  been  done  on  groundwater  in  the  Lagunera.  although  it  is 
certain  that, here  too,  the  use  of  the  groundwater  resource  must  be 
maximized.  Research  or  engineering  studies  are  not  encouraged  by 
authorities.  Perhaps  their  reluctance  is  related  to  fact  that  some 
60%  of  the  adult  population  suffers  symptoms  of  chronic  arsenic 
poisoning.  The  groundwater  throughout  most  of  the  basin  exceeds 
the  recommended  limit  of  0.05  mg/1  of  arsenic  and  the  political 
implications  are  not  looked  on  with  much  joy  by  those  responsible. 

Surface-  water  developments  for  export  to  distant  centres 
is  common  and  now  groundwater  is  viewed  for  the  same  purpose.  In 
Libya,  an  enormous  reserve  of  groundwater  was  discovered  during 
petroleum  exploration  in  the  Sahara  Desert.  Now.  a  pipeline  some 
two  metres  in  diameter  carries  water  from  the  water-  well-  fields 
hundreds  of  kilometers  north  to  Tripoli  for  irrigation  and 
municipal  supply.  The  reservoir  of  groundwater  is  great,  but  it  is 
also  non-renewable.  The  consequences  are  irreversible. 

A  similar  plan  was  made  by  Mexicans  for  supplying  water  to 
the  growing  cities  of  Ensenada  and  and  neighbouring  region.  Flow 
in  the  Colorado  River  is  guaranteed  by  international  treaty  but 
the  quality  is  bad  because  the  water  has  become  salty  through 
evaporation  in  irrigation  in  the  U.S.A.  The  aquifers  underlying 
the  Sonoran  Desert  are  capable  of  supplying  the  Ensenada  pipeline 
but  here  too.  the  resource  is  non-renewable.  But  the  Mexicans  have 
run  into  another  complication.  The  aquifer  is  truly  regional  and 
extends  across  the  international  frontier.  Americans  have  objected 
to  the  plan  because  the  drawdown  cone  will  reach  into  the  U.S. 
one  defense  is  to  establish  a  line  of  wells  on  the  north  side  of 
the  border   to  create  a  drawdown  cone  and  gradient  that  will   keep 
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their  groundwater  from  flowing  south  to  the  Mexican  wells.  So  here 
we  have  an  international  confrontation  over  groundwater  and  the 
spectacle  of  batteries  of  wells,  not  artillery,  lined  up  and 
ready  for  a  pumping  war . 

For  me,  the  ultimate  in  groundwater  problems  is  found  in 
Mexico  city,  where  20  million  people  live  in  a  closed  basin  at 
2250  m  elevation,  using  65m3/s  of  water  of  which  more  than  40m3/s 
is  from  groundwater  within  the  basin.  The  consequences  are  serious 
and  include  land-  subsidence.  groundwater  depletion  and 
contamination,  and  serious  drainage  problems.  Water  demand  is 
increasing  at  about  the  same  rate  as  the  population .  which  is 
expected  to  be  about  30  million  by  the  year  2000.  Surface  water 
suppl ies  are  almost  out  of-  the-  question .  Streams  within  the 
basin  are  too  small  to  be  important  sources.  Streams  beyond  the 
basin  divides  are  also  too  small  and  where  they  join  with 
tributaries  downstream  and  have  larger  flows,  they  are  far  below, 
and  far  away  from  the  City.  The  cost  of  bringing  in  surface  water 
to  the  City  is  more  the  ten  times  the  cost  of  producing 
groundwater  from  wells:  this  water  has  a  great  marginal  value. 
Groundwater  is  clearly  an  important  issue  in  affairs  of  people  in 
many  different  times.  places,  and  circumstances.  In  most  cases 
we  can  say  frankly  that  groundwater  -related  problems  are  not 
dealt  with  in  a  strictly  rational  manner .  In  my  view,  the 
Technology  Transfer  Conferences  of  MOE  are  good  evidence  that  in 
Ontario  at  least,  there  is  a  will  to  do  better. 
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Waste  Management  Incorporated  Site  #4  I  Site  1 i  .  also  known  as 
the  scouffville  Landfill.  is  located  about  40  km  northeast  of 
Toronto,  on  the  Oak  Bidges  moraine.  Site  4  was  closed  in  1985 
after  receiving  some  10  million  tonnes  of  liquid  industrial  wastes 
and  solid  wastes  over  the  course  of  more  than  20  years.  Operations 
at  Site  4  were  the  Eocus  of  considerable  attention  on  the  part  of 
the  mass  media  for  a  number  of  years,  owing  to  the  activities  of 
local  citizens.  who  were  concerned  that  their  supply  of 
groundwater,  and  indeed  local  groundwater  resources  generally  were 
threatened  by  contamination  from  the  Site.  The  net  result  was  that 
an  extensive  field  studies  were  done  to  get  evaluate  the  risk  of 
serious  hazard  to  the  environment .  In  the  end ,  the  Site  was  closed 
before  it  had  been  filled  to  design  capacity. 

Site  4  is  underlain  by  Halton  Till,  a  sandy  silt  till  which 
is  draped  over  the  outwash  sand  and  gravel  of  the  Oak  Ridges 
Aquifer .Glacial  tills  and  silty  clays  of  low  permeability  underlie 
the  Oak  Ridges  Aquifer.  The  land  surface  at  the  Site  has  of  course 
been  completel  modified  but  originail  it  was  hummocky.  with  a 
number  of  distinct .  closed ,  kettle  depressions.  The  Site  is 
bounded  on  the  north  by  a  broad  depression  that,  in  high  water 
stages  drains  toward  the  west,  from  Musselman  Lake.  about  a  km 
away,  to  the  headwaters  of  the  East  Branch  of  the  Holland  River: 
most  of  the  time  it  is  a  swampy  depression.  The  Oak  Ridges  Aquifer 
IS  an  extensive  unit  that  provides  water  of  excellent  quality  to 
municipal   industrial  and  domestic  wells. 

Site  4  became  a  landfill  site  by  accident  of  opportunity  and 
ownership.  It  was  not  chosen  because  it  had  what  we  think  of  now 
as  the  characterisics  of  a  good  landfill  site.  It  as  interesting 
to  look  back  now,  with  the  benefit  of  considerable  data, 
experience  at  the  site  and  hindsight,  to  take  advantage  of  it  as 
a  very  useful  case  history. 

Waste  disposal  operations  at  Site  4  began  in  about  1962. 
Both  solid-  and  liquid  industrial  wastes  were  dumped.  The  kettles 
were  used  mostly  for  the  liquid  because  expec lence  showed  that  the 
liquids  infiltrated  quickly  so  the  disposal  seemed  very  effective. 
The  first  hydrogeologic  studies  were  done  in  the  late  sixties. and, 
shortly  after  observation  wells  were  installed  for  a  planned 
program  cf  monitoring  the  groundwater  levels  and  water  quality 
WMI  assumed  ownership  and  a  license  to  operate  the  landfill  to 
receive  municipal  solid  wastes,  and  the  application  required  field 
tests  and  reports  on  the  hydrogeology .  In  1984.  a  water  sample 
from  a  private  well  adjacent  to  Site  4  was  reported  to  cause 
bacterial  mutagenicity.  MOE  responded  by  mounting  a  state-  of- 
the-  art  chemical-  and  biological  study  of  the  groundwater  at  Site 
4.m  The  final  report  found  no  evidence  of  bacterial  mutagenicity. 
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When  WMI  applied  to  have  the  license  fat  site  4  renewed,  it 
was  clear  from  the  opposition  of  representatives  of  local  citizens 
groups,  and  some  others,  that  the  landfill  was  still  seen  as  a 
threat  to  the  well-  being  of  the  local  communities.  Agreement  was 
finally  reached  between  the  owner  (  WMI).  MOE,  and  the  Town  of 
Stouffville  for  a  hydrogeologic  study  of  the  Site  followed  by 
closure  of  the  Site  in  1985.  The  results  of  the  hydrogeolgic  study 
were  submitted  to  MOE  in  1985.  by  Conestoga  Rovers  Associates, 
consultants  for  the  owner. 

Since  1970,   some  170  observation  wells  and  leachate  wells 
have  been  installed  at  Site  4,   of  which  79  were  completed  in  the 
Oak  Ridges  Aquifer  and  17  penetrate  the  entire  aquifer   thickness . 
Geophysical  logs.   including  electrical  logs,   natural  gamma   logs 
and  caliper  logs  were  made  for  these  17  holes. 

A  plume  of  contaminated  groundwater  has  been  identified  and 
is  moving  toward  the  southwest  from  the  Site.  Chloride  is  the  best 
parameter  for  identifying  and  describing  the  plume.  Changes  in 
ratios  of  other  parameters  to  the  chloride  ion  are  useful  in 
determining  chemical  processes  in  the  plume.  Tritium  data  suggest 
that  the  oldest  part  of  the  plume  was  water  that  was  "dead"  with 
respect  to  tritium  when  is  was  disposed  of  in  the  lagoons  some  25 
years  ago.  The  industrial  liquid  wastes  disposed  of  at  Site  4  were 
from  industries  in  the  Toronto  region  that  use  municipal  water 
from  Lake  Ontario.  which  is  "dead"  with  respect  to  tritium.  Even 
within  the  plume  of  contminated  groundwater,  the  water  quality 
meets  most,  or  all,  HOE  standards  for  drinking  water. 

Some  uncertainty  remains  as  to  whether  or  not  leachate  from 
the  solid  waste  in  the  Halton  Till  has  migrated  downward  and 
reached  the  aquifer.  The  chloride  plume  (and  plumes  for  other 
parameters)  is  weaker  under  the  centre  of  the  landfill  than 
donwgradient  in  core  of  the  plume.  This  can  be  interpreted  as  a 
plume  that  has  a  source  that  has  weakened  oc  disappeared.  Samples 
from  the  top  of  the  saturated  zone,  in  the  Oak  Riges  Aquifer, 
under  the  landfill,  have  very  low  concentrations  of  any 
contaminants . 

Estimates  of  the  migration  velocity  of  a  plume  at  Site  4  have 
varied  over  a  wide  range.  Field  monitoring  and  modeling  give  a 
velocity  of  35  m/year. 
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COMPARISON  OK  EXPERIMKNTALMUNICIPAL  REFUSE  COLUMN  STUDIES  WITH 
LANDULL  FIELD  TEST  CELLS 

D.W.KIRKANDS.PIRANI 

DEPARTMENT      OF  CHEMICAL    ENGINEERING      AND  APPLIED    CHEMISTRY 
UNIVERSITY    OF  TORONTO 

Key  wnrds:  Municipal  Refuse,  Lcathate   Model_lm£.  Scale-up 

INTRODUCTION 

The  dclcrrninalion  of  ihc  impact  of  municipal  refuse  disposal  on  ihc  environnicni  is  a 
vcty  imponam  but  compiex  issue.  The  use  of  landFill  disposal  will  coniinuc  lo  be  the  most 
accepted  tneans  of  disposing  of  rnunitipal  refuse.  The  generation  of  leachaie  I'niiii  these 
landtm  sites  wil!  have  an  impact  on  the  surrounding  ground  water.  Capping  ihe  refuse  siie 
can  reduce  the  infiltration  of  moisiure  and  ctin  limit  the  quantity  ^if  leachaie  j;cneraied. 
However  the  complete  sealing  of  moisture  input  and  output  is  neither  practicable  nor 
desirable.  Therefore  to  shed  light  on  the  mechanisms  of  leachate  generation  and 
composition  and  to  dciemime  the  effects  of  hazardous  materials  codisposed  with  niunicipal 
refuse,  there  is  a  need  to  conduct  basic  expcrimenial  research,  Urfonunaiely,  conducting 
research  in  a  municipal  refuse  site  is  exceedingly  diffieult  and  the  results  are  difficult  to 
inierptci 

One  approach  to  conducting  municipal  refuse  research  ha.s  been  lo  use  laboratory  scale 
leaching  columns  packed  with  municipal  refuse.  Although  the  expcnmentaiion  is  relatively 
easy  to  perform,  ihc  effecis  of  some  of  the  complex  inieracijons  found  in  the  field  are  lost. 
Large  object.s  (usually  meiall  must  be  ciicluded  due  to  the  column  si^.e,  the  municipal  refuse 
must  be  homogenij'wJ,  the  microbial  population  growth  is  seldom  established,  and  the 
Icachaie  hydrodynamics  arc  not  deveio[ied  in  the  same  way  as  in  the  field.  A^  a  result,  there 
is  difficulty  in  relating  laborator\-  results  to  field  situations.  Ai  present  there  is  no  direct 
means  of  interpreting  laboratory  data  and  actual  field  t>ehaviour.  This  difficulty  of  using 
laboratory  scale  leach  tests  to  predict  field  behavittur  raises  concerns  ahoui  (he  applicability 
of  the  Leachatc  Toxicity  Test  used  to  ciassif\  the  hazardous  nature  of  solid  wastes,  ClearK, 
a  means  of  conduciing  laboratory  scale  experimenis  so  that  field  behaviour  could  he 
predicted,   wimki  be  very  valuable. 

The  work  presented  in  ihis  paper  represents  pan  of  the  on-yoing  resejirch  into  the 
effects  of  co-disposal  of  industrial  and  inunicipal  wastes.  The  lix;us  of  this  paper  is  on  the 
([uestion  of  relevance  of  column  study  leachate  results  using  mimu,ipal  retuse  to  field 
studies  of  municipal  refuse  leachatc  The  columns  used  for  this  study  have  been  in 
continuous  operation  for  over  KlOO  days  and  various  aspects  of  this  work  have  been 
previously  reported  ,  The  columns,  although  relatively  large  for  labtiniiory  .scale  are  small 
compared  with  field  icsi  cells  and  present  significani  advantages  over  tleld  test  cells.  The 
difficulties  associated  with  field  test  cells  arc  manifest  by  the  few  reponed  experiments  m 
which  water  throughputs  have  been  measured.  The  column  studies  prescniei!  in  this  paper 
arc  compared  wiih  field  study  data  performed  for  the  US  EPA  at  three  different  sites  in 
the  U  S.A,,  'Picse  EPA  studies  provide  a  limited  number  of  parameters  for  comparison  bUl 
can  be  divided  into  both  small  and  large  field  expcriiiicnis  for  exploring  size  effects  in 
municipal  refuse  test  cells.  Variability  of  parameters  due  to  unconinilled  factors  such  as 
heterogeneity  and  environmental  tonilitions  TCHuire  that  some  data  averaging  be  performed 
The  techniques    for  dala   norinah/alion    and  averaging  are  discus.sed. 
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EXPERIMENTAL 

COLUMN  STUDY 

The  column  siudy',  supfKmed  by  ihe  Oniario  Ministry  or  the  Environmcni  was  designed  lo 
simulate  field  conditions  and  to  invcsiigale  ihc  cffeci  of  co-disposal  of  a  hazardous  solid 
waste  on  die  municipal  refuse  environment.  There  are  16  columns  in  operation  packed 
wiih  4  different  compositions:  1CX)%  municipal  solid  wastc(MSW),  MSW  +  8%  industrial 
wasK(lW),  MSW  +  30%  IW  and  8%  rw  in  sand.  The  high  density  polyethylene 
cylindrical  columns  are  1.93m  high,  and  0.33m  in  diameter  and  contain  appmximately  43 
kg  (dry  weight)  of  MSW.  One  half  of  the  columns  receive  moisture  input  from 
precipitation  while  the  other  half  receive  controlled  periodic  water  additions.  The  systems 
aii:  mainiaincd  in  unsaturated  flow  conditions  with  regular  leachatc  removal  from  the 
bottom  reservoir.  Three  MSW  columns,  column  number  1,2  and  3,  are  used  in  the 
comparison  with  small  and  large  field  ceils.  This  study  is  on-going  amd  the  columns  have 
been  in  continuous  operation  for  over  three  years. 

SMALL  FIELD  CELLS 

The  data  fram  two  different  US  EPA  small  field  celt  studies  aie  used  to  compare  with  ihe 
column  Mudy. 

The  Boone  county  study'  located  in  Kentucky,  U.S.A.,  was  established  to  investigate 
production  of  leachatc  from  MSW  field  cells  and  other  environmental  effects  on  leachatc 
generation.  Five  sanitary  landfill  cells,  one  large,  one  medium  and  three  small  field  tells, 
were  constructed-  Two  small  field  cells.  BCFS  #2A  and  BCFS  ff2B  were  used  in  the 
comparison  for  this  paper.  The  cells  were  enclosed  in  cylindrical  steel  pipes,  L83m  in 
diameter  and  3.66m  high  and  contained  approximately  2,100  kg  (tlry  weight)  of  municipal 
refuse.  The  cells  were  constructed  in  August  1972.  and  the  research  concluded  with  the 
site  closure  in  August  1980. 

The  Center  Hill  study'  located  in  Cincinnati.  Ohio,  was  established  to  investigate  solid 
waste  decomposition  and  contaminant  release  in  various  types  of  simulated  landfills 
including  the  effects  of  codisposal  with  industrial  wastes.  A  total  of  19  small  field 

tells  were  constnictcd  in  late  1974  and  early  1975.  Each  test  cell  contained  approximately 
1,800  kg  (dry  weight)  of  municipal  refuse.  The  cell  size  wa-^;  identical  to  the  one  used  in 
the  Boone  county  study.  The  C.Hiil  #4  cell  containing  MSW  only  and  rcccivmg  813 
mm/year  of  water,  was  selected  for  the  comparison  in  this  paper.  The  operation  was 
icnninated  and  cells  were  disassembled  in  April  1983. 

LARGE  FIELD  CELLS 

The  data  from  two  different  U.S.  EPA  large  field  cell  studies  are  used  in  the  comparison 
for  this  paper. 

The  large  field  cell  data  from  the  Boone  county  study  described  above  was  used.  The 
dimensions  of  the  cell  BCFS  #1  were  45.4m  x  9.2m  and  contained  approximately  286,000 
kg  (dry  weight)  of  MSW. 
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The  Sonoma  County.  California*  study  investigated  the  cfTcci  on  ttfuse  stabilization  of 
applying  excess  waier,  septic  tank  pumpings  and  rccirciiiaicd  Icachaic.  A  loial  of  five  field 
cells  wen;  constnicicd  and  monitored  for  over  four  years,  from  late  1971  to  cariy  1976. 
The  test  cell  Sonoma  C  used  in  the  comparison  for  this  paper  was  a  control  cell 
approximately  18  meters  square  by  3m  deep.  This  cell  contained  approximately  352.000  kg 
(dry  weight)  of  MSW  and  was  operated  similarly  to  BCFS  #1  cell. 

CELL  DATA 

Summarized  data  for  the  test  cells  is  presented  in  Table  I. 

TftBLE    1 .       SUMMARY    OF    TEST   CELL   DATA 


Test    cell 


Avg,    Annual 

Leachate 

(1/tcg/year) 


Refuse  Mass 
Dry  Weight 
<tcg) 


Max.    Refuse 
Depth 
(m) 


Refuse  Dry 
Density 
tkg/m3) 


FIELD 

HCFS  II  0.57  286,000  2.56 

SONOMA  C  1.91  352,000  2.62 

SMALL 

aCFS  #2A  0.60  2,046  2.56 

BCFS  #2B  0.58  2,113  2.56 

C.  HILL  14  0.99  1,B55  2.1 

COLOMN 

COL  #1  1.21  42.9  l.a 

COL  #2  1.21  43.1  1.8 

COL  «3  1.91  42.8  1.6 

-BCFS  I2A, I2B,  BCFS  #1  ref.2 

-C.HILL  14  ref.3 

-SONOMA  C ref.4 

-COL  n,#2,»3  this  work 


429 
460 

304 
314 
2»0 

299 
300 
298 


The  average  annual  Icachaie  production  per  kilogram  of  dry  refuse  for  the  column  study 
varies  from  1.22  1/kg  for  environmental  precipitation  lo  1.91  lAg  for  controlled  water 
addition,  and  is  greater  than  for  the  small  test  cells  and  BCFS  #1  field  ceH.truI  is  smaller 
than  for  the  Sonoma  C  field  cell.  The  refuse  mass  is  47  times  smaller  than  small  ceils 
and  is  apprx)ximaiety  7,400  limes  smaller  than  the  large  field  cells.  The  refuse  depth  is 
approximately  1.4  times  lower  than  both  small  and  large  field  test  cells.  The  packed 
refuse  dry  densities  for  the  columns  and  small  field  cells  were  very  similar,  however, 
densities  were  approximately  1.5  times  smaller  than  the  large  field  cells. 

COMPARISON  PARAMETERS 

Many  parameters  were  monitored  in  the  various  studies  compared,  however,  only  9 
paraiiwiers  listed  in  Table  2.  were  common  to  most  studies. 
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TABLE    2.       LEACHATE   PARAMETERS   COMPARED 


Parameter 


pH 

COD 

Calcium 

Zinc 

Iron 

Manganese 

Magnesium 

Sodium 

Potassium 

Chloride 


acFs 

SONOMA 

11 

C 

Jk 

- 

X 

X 

X 

X 

X 

n 

X 

X 

BCFS 

C.  HILL 

COLUMNS 

(!2A,2B 

#4 

fl 

»2,»3 

X 

X 

X 

X 

X 

X 

X 

- 

X 

X 

X 

X 

K 

X 

X 

X 

— 

X 

X 

- 

X 

X 

- 

X 

X 

- 

X 

X 

X 

X 

RESULTS  AND  DISCUSSION 


Grnphicid   Comparisop 

The  average  concentration  history  and  mass  removal  curves  companng  Icachaie  fomi  the 
column  study  lo  both  small  and  large  field  lesi  cells  are  presented  in  Fi^urrs  1-11,  The 
conccnuaiion  or  cumulative  mass  removal  has  been  plotted  against  cumulative  leachaic 
volume  rather  than  time  since  the  leachate  concentration  trends  and  subsequent  mass  removals 
arc  more  Icachaie  volume  related.  Leachaie  volume  and  mass  removal  data  arc  also 
normalized  by  dividing  by  the  dry  weight  of  the  refuse  to  account  for  the  different  si7£s  of  the 
cells. 

The  sampling  intervals  and  Icachatc  flow  rales  for  all  studies  were  different  and  were 
therefore,  normalized  bycaJculabng  weighted  mean  conccnlraiions  of  the  leachaie  parameters 
at  common  points  in  the  leachate  flow  history.  This  was  done  by  calculating  the  mass  of  the 
parameter  (conceniraiion  times  water  volume)  that  was  removed  from  the  refuse  between 
sample  analyses  over  the  interval  of  Icachaie  flow,  usually  0.5  t/kg  of  dry  refuse.  This  mas;; 
was  then  divided  by  the  volume  of  leachaie  to  give  a  weighted  mean  concentration  fur  the 
Icachaie  volume  interval.  Cumulative  mass  removals  were  obtained  by  adding  the  incremental 
masses  used  in  calculating  the  weighted  mean  concentrations. 

pH 

The  variation  of  pH  is  shown  as  a  function  of  leachaie  volume  in  Figure  1.  The  upper  and 
lower  lines  drawn  in  the  figure  arc  the  +/-  1  standani  deviation  values  of  the  mean  pH  values 
of  the  leachate  for  the  column  and  small  test  cell  experiments.  There  is  clearly  a  significant 
variation  of  pH  within  these  studies.  Only  one  of  the  targe  field  test  cells  had  reponcd  pH 
values  and  the  variability  of  these  data  were  as  great  a.i  in  the  smaller  scale  studies. 

COD 

The  variation  of  COD  as  a  function  of  leachate  volume  is  shown  in  Figure  2.  The  upper 
and  lower  lines  dniwn  in  ihc  figure  are  the  +/-     1  standani  deviation   values  of  the  weighted 
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mean  conceniraiions  for  the  ■-■alunin  and  smail  lesi  ceil  ex[>erii)ients  The  upper  and  lower 
values  for  the  large  lest  cells  are  the  upper  and  lower  weighted  mean  eoncentrations  for  the 
two  large  scale  experiments.  For  the  COD  data  there  is  u  cIclh  trend  of  higher  initial  values 
for  smaller  scale  experiments.  This  distinction  is  tost  after  2  1/kg  Icachaie  have  been 
generated. 

The  initial  difference  between  the  small  and  large  scale  experiments  is  also  reflected  by 
the  loial  mass  removal  of  COD  as  shown  in  Figure  3.  The  column  and  small  field  cells  appear 
to  be  atilc  to  release  significantly  morr  COD  per  mass  of  refuse  than  the  large  field  cells. 
However,  this  difference  is  primanly  due  lo  the  initial  conccntraiion  differences  in  ihc  first  I 
to  2  1/kg  of  leachaie   produced. 

Zn.Mn 

The  variation  of  concentration  of  Zn  and  Mn  as  a  function  of  leachaie  volume  is  shown 
in  figures  4  and  5  rcspeciivcly.For  these  elements,  the  trend  is  for  ihc  larger  scale  experiments 
10  show  higher  initial  values,  Afier  approximately  1  iAg  leachaie  has  been  generated  ihe 
concentration    profiles  overlap. 

Ca.CI.Mg,K,Na 

Ttie  variation  of  concentration  of  Ca.CI.Mg.K.uiid  Na  as  a  ftmciion  leachaie  volume  is 
shown  in  Figures  6.7,8,9  and  10  respectively  The.sc  elemcnis  have  been  grouped  because  there 
is  a  trend  for  the  initial  concentrations  to  be  higher  for  the  smaller  scale  experimenis  Afier 
approximately    1  to  2  1/kg  of  leachaie  has  been  generated   the  concentration    profiles  overlap. 

t-e 

The  variation  of  conccniraiion  of  Fe  as  a  function  of  teachatc  volume  is  shown  in  Figure 
11.  The  iron  concentration  hisiory  is  unlike  that  of  other  elements  liecause  of  ihc  relative 
eonsiani  concentration  after  the  initial  1  1/kg  of  leachate.  The  three  differeni  experimental 
scales  show  remarkably   similar  cone eiiirat ion    histories. 

From  the  conceniraiion  profiles  of  the  elements  studied  there  appears  to  be  a  greater 
tendency  overall  for  ihe  sinallcr  scale  experimenis  to  show  higher  initial  concentrations.  This 
behaviour  might  be  associated  with  the  packing  density  or  shredding  earned  out  in  the  small 
scale  studies.  There  is  belter  agrcemcni  between  the  small  field  ceils  and  the  column  siudics, 
which  have  similar  packing  conditions,  than  with  the  large  field  cells.  This  asS(y;iation  wilh 
packing  density  is  tenuous  since  not  all  elements  are  similarly  alTccted.  Indeed  the  similarities 
of  the  leachaie  concentrations  from  all  the  expenmcntal  measurements  are  more  striking  than 
are  the  differences. The  leaching  behaviour  was  modelled  with  first  order  kinetics  for  each  of 
ihe  elements. 

C(V)  =   C°exp(kV) 

The  concentrations  mixlcilcd  were  the  weighted  mean  concentrations  and  the  lime  function 
used  was  ihe  normalized  leachaie  volume  1/kg  (see  Table  }).  The  C"  value  i>  the  least  siiuaies 
fitted  concentration  at  I)  le.ichate.  Average  regression  conflation  coefficients,  r,  ol  greater  than 
().'>9  were  found  for  ihe  column  studies,  greater  than  0.97  for  the  small  field  test  cells,  and 
greater  thjn  0.44  for  the  large  field  test  cells.  The  exception  for  all  the  studies  was  the  iron 
behaviour.  The  iron  concentration  is  clearly  not  first  order  with  time  or  leachaie  volume,  nor 
do  ihc  concentrations  vary  with  pH  change  as  has  been  suggested  in  the  liieraiure.  The  source 
of  the  constant  irt)n  concentration  is  most  likely  the  ferrous  wa.sie  in  the  municipal  refuse  but 
the   leaching   mechanism    is  not   yet  established.    The   only  other    element    lo  have   a  weak 
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concUtion  coefficient  vnih  Tirsi  order  kinetics  was  chl<Hide  in  the  large  fielii  test  cells.  The 
poor  correlation  was  the  result  of  an  apparent  increase  in  chlwide  concentraiion  with  time  in 
the  one  of  the  large  field  cells  (Sonoma  C). 

The  simiiarities  in  teaching  behaviour  for  the  three  experimental  scales,  included  the  degree 
of  data  fit  to  first  order  kinetics  and  the  concentration  values  of  all  the  species  studied  after 
the  initial  period  of  1.5  to  2  1/kg  of  leachaic.  Even  the  iron  ccmceniraiion  profiles  which  do 
not  conform  lo  the  kinetic  model  arc  very  similar  for  the  three  cxperimenial  sizes  The 
concentration  normalization  used  did  not  eliminate  the  generally  higher  initial  conceniraiions 
found  in  the  smaller  scale  experiments.  The  values  of  the  parameters  used  to  fit  the  first 
order  kinetics  shown  in  Table  3  dctiwnstrale  the  variability  between  the  three  experimental 
scales. 


TABLE  3.   EQUATION  CONSTANTS  FOR  C=C''EXP  (kV) 
PARAMETER      COLUMN  STUDX       SMALL  CELLS  LARGE  CELLS 

C°     RATE    r    C°      RATE    r     C"     RATE    r 


CM) 

89 

- 

77 

.982 

57 

-.46 

.983 

38 

-.52 

.992 

CA1.CIUM 

5.1 

- 

73 

.991 

2.25 

-.47 

.987 

1.65 

-.43 

.976 

ZINC 

0.11 

- 

83 

.984 

0.16 

-.97 

.371 

0.13 

-1.45 

.909 

IRON 

0.67 

- 

08 

.311 

0.63 

-.05 

.316 

0.54 

-.21 

.699 

SODIUM 

3.83 

-1 

12 

.992 

1.57 

-.9^ 

.979 

1.05 

-.59 

.994 

POTASSIUM 

2.59 

-1 

19 

.993 

2.19 

-.95 

.993 

0.89 

-.58 

.967 

CHLORIDE 

5.06 

-1 

43 

.989 

1.39 

-.82 

.926 

0.93 

-.30 

.704 

MANGANESE 

0.09 

- 

73 

.995 

0.05 

-.54 

.949 

o.n 

-.75 

.98  9 

MAGNESIUM 

0.77 

- 

92 

.98B 

0.49 

-.73 

1.0 

0.41 

-.66 

.987 

C°  ficced  initial  weighted  mean  conceni:racion  g/1 
RATE  rate  constant  k 

V  cumulative  leachate  volume  1/kg  dry  refuse 
r   regression  correlation  coefficient 


CONCLUSIONS 

1  A  first  tHiier  rate  equation  is  suitable  for  modelling  concentration  profiles  in  leachaic  from 
column  studies  to  large  scale  field  studies  of  municipal  refuse.  The  exception,  found  frtmi  the 
elements  studied,  was  iron.  The  significani  amount  of  iron  waste  in  municipal  refuse  leads  ti> 
a  relatively  constant  concentration    over  the  period  studied. 

2  The  normalization  of  the  time  scale  through  the  use  of  the  Icachaie  volume  prmliiccd  per 
mass  of  refuse,  and  the  use  of  weighted  mean  concentrations  are  very  effective  in  comparing 
data   from  different    studies  and  scales  of  studies. 

3  After  the  tirsi  I  to  2  1/kg  of  icachatc,  the  modelled  column  data  could  be  used  lo  predict 
field  behaviour  lo  a  least  4.5  lAg  of  leachaic.  The  extent  of  the  model  validity  will  be  further 
assessed  as  the  study  progresses. 


204 


4  An  increase  in  tlie  scale  of  ihe  siudy  of  municipal  refuse  leuchaie  generation  does  nm 
directly  lead  lo  increases  or  decreases  in  Icachatc  comaminiims  ihinigh  tor  ihc  limited  number 
of  elements  that  were  avaiiahle  for  compariiion  niure  were  found  lo  be  less  conccntiated  wirh 
the  larger  scale  experiments. 

5  The  column  studies  used  in  this  work  appear  to  provide  a  very  good  means  for  rclaiitig  the 
effects  of  codisposiil  paraineiers    lo  field  twhaviour. 
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FIG.    1      LEACHATE  PH 


COLUMN  STUDY 


CUM.  LEACHATE  VOLUME  -  t/kg  dry  refuse 

SMALL  CELLS 


LARGE  CELLS 
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FIG.  4     ZINC  CONCENTRATION   HISTORY 
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FIG.  5     MANGANESE  CONCENTRATION  HISTORY 
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FIG.   6     CALCIUM  CONCENTRATION  HISTORY 
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FIG.  7     CHLORIDE  CONCENTRATION  HISTORY 
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FIG.  8     MAGNESIUM  CONCENTRATION  HISTORY 
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FIG.  9     POTASSIUM  CONCENTRATION  HISTORY 
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CUMULATIVE  LEACHATE  VOLUME,  l/kg  ot  dry  leiose 
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FIG.   10     SODIUM  CONCENTRATION  HISTORY 
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FIG.   1  1      IRON  CONCENTRATION  HISTORY 
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CI  5 

THE    ALTERHATIVE    TO    INCIHERATIOH    OF    BIOhEDICAL    WASTE 

-    HAMMERI]n,L/CHEMICAL    DECONTAMINATION 

by 

John  JIanuel.P.Eng.  and        Paul  A, W. Gamble 
Senioi  Ccintiultant:  Ash  oc  late  Executive  Director 

H.H. Dillon  Limited  Hospital  Council  of  Met  ro To  con to 

Toronto   M2N  6H5  Toronto   M5B  U3 

The  Hospital  Council  of  HeCropolltan  Toronto  (HCMT),  a  voluntary 
hospital  association  representing  the  hosplcalB   In  and  around 
Metropolitan  Toronto,  has  requested  approval  from  the  Ontario  Ministry 
of  the  Environment  (MOE)  to  demonstrate  the  suitability  of  an 
alternative  technology  for  the  process  in g  of  biomedical  (hospital) 
waste.  This  technology  is  known  as  sh re dding/d Is  Infection  and,  in  the 
United  States,  has  been  shown  to  reduce  the  volume  of,  and  render 
innocuous,  biomedical  wastes  from  hospitals. 

At  the  present  time,  on-site  Incineration  is  the  primary  method  of 
disposing  of  biomedical  waste  gene  rated  at  Toronto  hospitals.  He c a  use 
of  concerns  about  emissions  from  mo  at  incinerators,  an  alternative 
en  V  iron men  tally  suitable  and  cost  effective  techno  logy  has  been  sought 
by  HCMT  on  behalf  of  Its  fifty-two  member  hospitals. 

HCMT  proposes  to  build  a  two  million  dollar  technology  demonstration 
facility  at  the  site  of  t'.ie  existing  Booth  Avenue  Hospital  Laundry 
plant  at  iO  Booth  Avenue,  in  the  City  of  Toronto.  The  laundry  plant 
is  a   non  profit  shared  service  organisation  owned  and  operated  by 
thirteen  Toronto  hospitals.  The  demonstration  work  will  take  about 
six  mouths  to  complete,  beginning  in  Mid  1989.  Test  quantities  of 
hospital  (yellow  bag)  waste,  in  sealed  containers,  will  be  trans- 
ported  in  HOE  approved  refrigerated  trucks  from  participating 
hospitals  (members  of  HCKT)  to  the  Booth  Avenue  facility  for  processing. 

A  number  of  studies,  such  as  microbiological  evaluation  as  we  11  as 
chemical  and  physical  testing  will  be  carried  out  during  the  demon - 
stration  period  to  assess  the  efficacy  of  the  alternative  treatment. 
After  the  equipment  is  in  place,  but  before  it  is  put  into  service, 
air  samples  will  be  collected  from  the  workplace  and  outside  the 
building  and  analysed  for  ambient  air  conditions  and  micro  organisms 
that  can  be  transmitted  to  humans  via  the  airborne  route.  These 
procedures  will  be  repeated  after  the  equipment  is  put  Into  operation. 

Before  Infectious  (yellow  bag)  waste  is  processed,  bags  of  simulated 
waste  will  be  seeded  with  known  concent  rations  of  indicator  organisms. 
Half  of  these  bags  will  be  treated  with  12*  sodium  hypochlorite  and, 
as  a  control,the  other  half  will  be  treated  with  normal  tap  water. 
The  efficiency  of  disinfection  by  chlorine  can  often  be  improved  by 
pH  alteration;  therefore,  variations  in  the  pH  will  be  investigated 
in  both  the  simulation  and  ope  rational  phases.  The  proposed  micro 
organisms  test  protocol  range  is  shown  in  Appendix  1. 
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Following   the   demonstratiofi  perltjd,   a   report  on   the  accomtjlstett 
experience  and   findings   of  an  expert   review  committee  will   be   subjected 
to  the   Environmental    ftssessment  process  prior  to  a   final   decision  being 
made  with  respect  to   the  establishment   of  a  permanent   location   for   a 
biomedical   waste  shredding/disinfection  facility. 

The   processing   technology  consists  of  a  slow-speed  shear  shredder 
followed  by  a  high-speed  hatimenntl  1,  The  shredded  material   Is 
disinfected  at  the  same  time  by  saturating  It  with  a  solution  of  sodfutn 
hypochlorite.      {This   solution   is   also   known  as  comnercia!   bleach). 

The  entire  shredding/disinfection  process   Js  enclosed  so   it  can  be 
maintained  under  negative  pressure,  meaning   that   there  can  he  no  escape 
of  waste  material  or  fumes  to  the  building  interior.     The  air  exhausted 
from  the  equ1(inent  enclosure   is   passed   through   special   high-efficiency 
filters  Before  being  vented  through  a  duct  above  the  building  roof. 
(See  attached  illustration). 

Shredded  disinfected  residue  will  be  retained  within  the  site  until 
there  is  confirmation  of  micro-organism  kills  efficacy.     The  waste 
treatment  process  generates  a  wastewater  stream  containing   residual 
hypochlorite   solution  and   very  fine  particulate  material    (mainly  glasi). 
After  this  waste  stream  is  monitored.    It   is   combined  with   the  waste- 
water from  the  existing  hospital    laundry  plant  and  safely  discharged  to 
the  City  of  Toronto  sewer  system.     The  laundry  presently  adds 
hypochlorite   solutions   to   the   laundry  wastewater   In  order  to   render  the 
wastewater  acceptable   for  discharge   to  the   sanitary   sewer  system. 

To  ensure  proper  and  thorough   review  of   the   results  of  the  experimental 
work,  a  team  of  highly  qualified  technical   specialists  has  been 
assembled.      Under  the  chairmanship  of  Or.    Patricia  Seyfried  of  the 
University  of  Toronto's  Department  of  Medical   Biology,  the  team  consists 
of  representatives  of; 

•  The  City  of  Toronto  Department  of  Public  Health 

•  The  Hinistry  of  Health 

•  The  Ministry  of   the  Environment 

•  The  Hospital    Council    of  Metropolitan  Toronto 

The  technology  will  be  assessed  using  a  detailed  protocol  addressing  all 
aspects  of  safety,  microbiology,  chemistry,  operating  procedures  as  well 
as   the  acceptability   to  current  applicable   legislation  and   regulations. 
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APPENDIX  L 
PROPOSED  PROTOCOL  FOR  TESTING  OF  MICRO  ORGAHISMS 


Enterovir-us  (polio  vaccine  strain) 
Adenovirus  (enteric  strain) 
and/or  RNA  phage 
Col i phage 

laacteiifl:  Total  heterotrophs 

Fecal  coliforms 

Escherichia  coli 

PseudoiDonas  aeir^qino^a 

Salmonella  sp. 

Klebsiella  pneumoniae 

Mycobacteria 

Hycoplasma 

Clostridium  oerCrinqens 

Clostridiuin  difficile 

BAcillus  cereus 
pj^ff^sjtQg;     living  Acanthainoeba  and  Naegleria  ■  Giardia  and 

Cryptosporidium  cysts 
Fungi ■         Total  fungi 
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MEDICAL  SAFETEC  MODEL  Z-12,5000 
INFECTIOUS  WASTE  MANAGEMENT 
PROCESS  FLOW  DIAGRAM 


Hepa 
filter 


Negative 
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Waste 
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FIGURE  1.   PROPOSED  T8EATMEMT  OF  BIOMEDICAL  HASTli  (HCHT) 
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EROSION  OF  LANDFILL  COVERe 
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1.0  mrtoDucricM 

with  [Kiny  landfills  in  Ontario  having  reaciied  their  capacity  and  thus  been 
decomiissioned,  questions  are  being  raised  as  to  the  long-term  stability  ot 
landtill  caps,     Hcv  susceptible  are  covers  to  erosicffi  and  gullying?    What 
cover  management  and  naintenanoe  is  retj-iired?     Ito  present  landfill  caps 
maintain  the  line  balance  between  minimizing  inf iltraticffi  and  ieachate 
producticBi  v*iiie  at  the  same  time  avoiding  the  loss  of  liner  integrity  as  a 
consequence  of  erosicai?     Little  researcii  on  this  topic  has  been  ccrtpleted  in 
Ontario  to  date.     Upon  analysis  of  the  data  and  ctoservations  made  in  this  yet 
to  be  carpleted  one-year  study,  answers  to  the  abcA'e  questions  can  begin  to 
be  formulated,  providing  directiwi  for  possible  further  reseeuxii  in  this  area 
in  future  years. 


2.0  LTOWgypE  REVIEW  OK  BC6IOH  AHP  HB  gWERPL  CM  LAHiyilJ.  QJVEBS 

To  begin  to  understand  water  erosion  as  It  relates  to  landfill  caps,   a  review 
of  literature  covering  the  tcpic  was  ccnducted.     one  American  study  in  the 
State  of  Pennsylvania  r^jort.ed  that  of  24  Pennsylvania  landfills  inspected, 
33%  showed  only  slight  erosion  problems,    W  %  had  moderate  ercsion  problems, 
while  nearly  20%  had  severe  erosion  problems.     Personal  observations  made  by 
Johnson  (1986)   in  the  Great  IMe  States  area  agree  with  these  Pennsylvania 
findings. 

landfill  covers  perform  a  raarber  of  functions.     Uitton  gt  al-    (.19^9)    included 
in  their  list  the  follcwing: 

Preventic*!  or  Minimization  of  Percolation 

Promotion  of  Aesthetics 

Suppression  of  Vectors 

Contairanent  ot  Gases 

Suppressicn  of  Fire  Danger 

F^nsvention  of  Blowing  Litter  or  Dust 

Pronoticffi  of  Site  Reclamation 


TO  perform  these  functicBis  for  the  life  of  the  landfill  a  good  cover  must 
possess  the  follciwijig  attributes   (Uitton  et  si.    1979)  : 

Resistance  to  Ifeter  Erosion 

Resistance  to  Wind  Erosion 

Stability  Against  Slumping  and  Cracking 

Stability  Against  SJcpe  Failures 

Resistance  to  Oold-Weather  Distress 

Resistance  to  Disrupticm  by  Animals  or  Plants 

Dacuments  which  provide  insight   into  designing  a  landfill  cover  to  achieve 
the  desired  cap  functions  noted  the  dilenma  designers  are  facsed  with  when 
choosing  measures  to  minimize  water  erosicn  of  the  cap.     A  good  vegetative 
cover  is  the  most  econcmical  and  practical  tecJinique  available  in  preventing 
soil  erofsion  becai,ise   it  slows  the  surface  water  velocity  and  encourage  water 


219 


to  infiltTBte  the  soil,     unfortunately,  the  increase  in  infiltxaticn  capacity 
ultimately  leads  to  a  higher  rate  of  leaciiate  prtxlucticfi.     Ttie  oost  of 
treating  the  iidclitianal  leachate  can  becone  i^te  significant  in  itself. 
Despite  this  diianma,   it  was  the  conclusion  of  most  reports  that 
establishment  of  durable  vegetation  is  the  moet  effective  method  of  ercsiMi 
control.     In  instances  iiiiere  infiltraticsi  rates  are  to  be  kept  lew, 
especially  on  more  hazardous  waste  sites  or  where  leadvite  production  is  to 
be  minimized,  synthetic  caps  and  or  drainage  collection  systems  ocrtoined  with 
structural  surface  water  ocsitrol  measures  such  as  diversion  terraces, 
waterways  arri  rock  ciiutes  may  need  to  be  inplementsd .     Most  of  the  techniques 
that  have  been  s^:plied  to  control  erosion  en  landfills  are  methods  that  have 
been  used  sucoesefully  in  the  past  to  coitat  erosion  on  agricultural  land  and 
in  road  construction. 

Additicsal  factors  need  to  be  considered  when  establishing  a  vegetative  cover 
on  a  sanitary  landfill  site  than  are  normally  oonsidenad  in  agricultural 
erosion  ccntrol  work.     Mot  cnly  do  plant  species  need  to  be  selected  for 
their  ability  to  withstand  the  nutrient  and  pH  ccsiditions  in  the  cover  soil, 
they  also  need  to  show  signs  of  tolerance  to  the  presence  of  gases  in  the 
root  zone.     Urcughtiness  is  also  a  prcblem  given  the  fact  that  in  most  cases 
the  cover  tap  soil   (if  any  exists)  used  to  support  vegetative  grcwth  is  quite 
thin.     Jc*ins(Xi  (1986)   recanrends  a  minimum  of  0.6  m  (2')   of  plant  growth 
n»dium  to  maintain  adequate  moisture  levels  to  support  vegetation  under 
drought  conditions. 

Plant  species  recormanded  in  the  literature  in  general  included 
shallow-rooted  plants  with  hi-^  tran^iration  ciiaracteristics ,     The  ideal 
plant  cover  was  described  as  being  ixie  that  would  protect  the  surface  aijainst 
rairrirop  inpact,   bind  soil   in  the  zone  with  a  dense,    fitorous  root  system,    not 
penetrate  the  clay  cap  and  be  iitmune  to  the  invasion  of  shrubs  and  trees. 
Johnson  (19B6)  described  quackgrass  as  having  many  of  the  desired  erosion 
ccffitrol  dviracteri sties  although  it  is  classed  as  a  noxious  weed  amwig 
agricultural  personnel.     Site  specific  test  plots  were  generally  regarded  as 
being  necessary  to  determine  which  ^aecies  would  ultimately  establish 
themselves  well  (Xi  individual  landfill  sites. 

When  applying  the  seed  it  is  reocHmended  it  be  plfurted  on  the  ccntcur  if 
possible.     Mulch  should  aoccnpany  the  seed,     Ijittcn  (1987)   suggests  that 
almost  any  material  may  be  used  as  a  muldi  to  provide  airface  and  seed 
protectlcn  until  adequate  vegetaticn  has  been  established.     Straw  inuldi  is 
most  economical  and  is  best  applied  at  a  rate  of  1.5  tonnes/ha  where  erosicMi 
is  not  anticipated,   and  2.0  tonnes/has  where  ercsion  threatens.     Petroleum 
based  mulches  are  effective  as  a  mulch  at  an  application  level  of  9,400  to 
ll,flOO  litres/ha.     Erosion  fabrics  may  need  to  be  utilized  in  seme  instances 
to  stabilize  the  soil  surface  during  its  critical  vegetative  establishment 
stage. 

While  prxjtecting  a  landfill  cap  frcm  the  elements  with  vegetation  is  one 
nears  of  reducing  the  inpact  of  water  erosion  on  cap  integrity,   limiting 
slope  Iffligths  Jind  gradients  associated  with  the  cap  is  another  means  of 
reducing  erosion  potential.     One  US-EEA  publicatioi  reoomnendE  slopes  of  a 
larelfill  site  be  graded  to  at  least  5%  but  no  greater  than  18%   in  order  to 
prtmote  runoff  wlthc»it  excessive  erosion.     This  is  to  balance  efficient 
shecMinq  of  ninoEf  water  with  ecus iderat ion  for  water  erosic»i  hazard. 
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DirectiJig  surface  water  flow  by  means  of  the  veuricus  watar  ccntrol  structures 
outlined  previously  can  safely  naKve  runoff  water  fran  the  cap's  surface  if 
vegetative  pirJtecticn  alcne  is  not  sufficient. 

The  US-EPA  has  suggested  using  the  IMiversai  Soil  Ices  Equation  (USI£)   as  a 
tool  to  evaluate  the  surface  layer  COTifiguratioi  of  landfill  covers.     They 
also  suggest  a  tolerable  soil  loss  of  4.5  tonneVha/year  (2  tons/acr^yaar) 
be  adiieved  when  designing  landfill  cover  enssicn  control  systems.     Luther 
(1980)  also  suggests  the  USIE  be  used  to  ^prtscimte  the  ertieicn  losses  frcm 
a  landfill  cap. 


3.0  suRVEf  (w  mraym.  cwer  bpsicw  im  onwao 

3.1  Ctriective 

Ihe  ctojective  of  this  caipanent  of  the  present  study  is  to  determine  **iether 
soil  erositxi  associated  with  nunicipal  landfill  sites,  as  they  are  presctfitly 
designed,  constitutes  a  pixiblem  with  riespect  to  the  long-term  stability  of 
landfill  covers  in  Oitario. 


3.2  Method 

The  investigatiai  to  deterraine  the  existenoe  or  eictent  of  erosicn  problene  en 
landfill  sites  in  Scxithem  Ontario  was  conducted  first  by  coTtacting  all 
three  Scuthem  Ontario  Regicnal  Offices  of  the  Ministry  of  the  Envirraiment  to 
obtain  names  of  and  informatics  on  waste  disposal  sites  suitable  for  the 
study  (i.e.  deccrriissicaied,  or  at  least  part  of  the  site  deccranissicnad,   arrf 
having  received  its  final  vegetative  cover) .     This  provided  the  study  team 
with  appri^xiitately  ten  sites  to  visit.     Other  sites,  besides  those  provided, 
whitan  were  kncwn  to  exist  by  the  study  team  were  also  visited  following 
receipt  of  approval  to  enter  the  site  by  the  operator. 

Site  visits  were  a  time  both  to  qualitatively  assess  the  site  with  respect  to 
erosion  as  well  as  collect  data  necessary  to  quantitatively  estimate  average 
erosicn  rates.     At  the  time  of  writing  14  sites  were  visited  and  the  results 
assessed.     Sites  to  hAvich  visits  were  made  were  k^it  oonfidentifll. 

3-3  CXialitative  Reeults  From  Site  visits 

Soil  erosicn  can  be  relatively  easy  to  detect  \tten  it  has  progressed  to  the 
point  where  gullies  are  being  formed.     In  fact,   it  is  normally  the 
develcpnent  of  large  gullies  that  prcnpt  remedial  measures  be  undertaJc^i  to 
contTDl  the  erosion  Icng  before  the  more  subtle  interrill  and  rill  erosicsi 
spurs  acticn. 

For  the  14  sites  visited,  a  wide  variety  of  ccsiditions  were  encountered  with 
respect  to  landfill  cover  soil  types,  vegetative  oover,  size  of  landfill  and 
age  of  landfill.     While  it  is  difficult  to  generalize,   it  would  appear  that 
the  amtwnt  of  vegetative  cover  had  more  influence  en  the  severity  of  erosion 
than  did  the  landfill  cap's  soil  type-     Figures  3.3.1  and  3.3.2  give  an 
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Figure  3.3.1;     Sevare  InterriU  S  Rii;    ci'-.ji.i  on  a  landCill  Cap 
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Figure  3.3.2:     Laniflll  Cap  with  a  Well  Established  Nntuml  Cover 
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indicaticm  of  the  range  in  vegetative  cover  encounterad;  svetything  fron 
essentially  bare  soil  ccsTditions  to  covers  supporting  trees  and  natural 
vegetation.  Scwth  facing  slopes  appeared  to  have  the  greatest  difficulty 
grcwing  and  maintaining  vegetative  covers. 

Gully  erosion  was  pres^it  at  all  but  three  sites.  For  the  better  vegetated 
and  often  older  sites,  the  gullies  appeared  to  have  been  created  in  previous 
years  and  were  new  slewing  in  developnent.  Fbr  the  larger  landfill  sites 
possessing  Icng  steep  slopes,  seepage  resulting  from  subsurface  lateral  flow 
between  soil  layers  along  with  preferential  flow  paths  caused  by  ooipactlon 
by  equipnent  used  to  place  the  cover  became  the  more  dcniinant  causes  of  gully 
fociaation.   For  other  landfills  having  flatter  tc^,  areas  Vhere   surface 
water  ccocentrated  to  flow  over  the  stee^  edge  would  often  give  rise  to  gully 
developnent  at  that  point.  Figure  3.3.3  illustrates  such  a  situation. 

For  landfills  at  whicii  maintenance  perscnnel  were  still  available,  the  large 
gully  problars  were  normally  dealt  with  quickly  by  placing  rock  or  fill  in 
the  gullies. 

^-^     Oiantitative  Estimates  of  Enjsicn  at  Sites  Visited 

At  each  site  visited  data  was  collected  which  would  be  useful  in  estimating 
typical  erosion  rates  of  the  landfill  cap  through  th»e  application  of  the 
Universal  Soil  Loss  Equation  (USIE) .    Ihe  USLE  is  an  enpirical  relationship 
that  has  been  used  extensively  by  soil  conservationists  in  agriculture  to 
estimate  field  interrill  and  rill  erosion  rates  on  agricultural  land  arri  has 
been  used  in  the  past  in  the  United  States  as  a  means  of  estimating  the 
susceptil5ility  of  landfill  covers  to  erosion.  Table  3.4.1  smniarizes  the 
results  fron  this  analysis. 

Note  that  the  US1£  erosiOTi  estimates  do  not  include  those  losses  associated 
with  gully  erosicsi.  This  form  of  erosion  was  found  at  nearly  all  the 
landfill  sites  visited.  Ccaisequently  the  vs]£  will  underestimate  the  total 
soil  loss  being  experieaiced  on  the  landfill  sites  visitad  for  it  does  not 
ccMTsider  all  of  the  soil  loss  raechanisi^  associated  with  a  landfill  cover. 
At  present  hcwever,  it  is  the  be^t  means  available  for  quantifying  rill  and 
interrill  soil  losses.  Values  in  Table  3.4.1  were  based  on  the  topical  slope 
lengths  and  gradients;  and  vegetative  cover  found  on  the  site.   Elt^x;  lengths 
and  gradients  are  self  explanatory.  Vegetative  cover  was  categorized  in  the 
follcwing  manner: 

Poor  -  Up  to  30%  of  canopy  cover  and/or  up  to  30%  ground  cover 

Fair  -  30%  to  70%  cancpy  cover  and/or  30%  to  70%  ground  cover 

Good  -  Greater  than  70%  canopy  cover  and/or  more  than  70%  ground  oDver 

Based  on  these  results,  nearly  30%  of  the  sites  visited  have  interrill  and 
rill  erosion  losses  in  excess  of  the  tolerable  level  of  4.5  tonnes/ha/year. 
Figure  3.4.1  taken  at  one  site  where  the  erosion  rate  exceeds  the  tolerable 
level  grapi^ically  illustcates  the  consequence  of  sudn  loss  rates  on  a 
landfill  cap  and  its  surroui^in;  ar&a. 
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Table  3.4.1:     Interrill  and  pjn  i^pTnir^  rWi"gt^g  Coff  Visited  Landfills 


Estimated 

Typical 

Erosion  Bate 


Site  Vanber* 

(Interrill  &  Rill 

Err^sicn  only) 
fTtxmes/ha/vrl 

Typical  Slcpes**] 
length            Gradient 

fm)                   r%i 

Vegetaticti 
Condi  tier 

1 

4.5 

15-40 

2-12 

Fair 

? 

0.23 

SO 

14 

Fair  to  (Vrrt 

3 

1.0 

10-40 

2-16 

Onrrt 

4 

0.1 

lO-lOO 

2-9 

Ofmrt 

5 

10.40 

45 

11 

F&ir  to  Good 

fi 

0.92 

10-44 

16- le 

fionrt 

7 

41 

25-75 

2 . 5-20 

Fair 

8 

23 

20-30 

2.2-15 

Itoor 

9 

1.62 

5 

12 

Fair 

10 

1.15 

5-35 

2-3 

Pc»r 

11 

20.3 

15-45 

(cne  slcpe 
as  long  as 
320  m] 

2.75-15 

Poor 

12 

1.15 

15 

40 

Fair 

13 

2.7 

10-25 

1-30 

Fair  to  Good 

14 

3.03 

30 

12 

Rnnf! 

Sites  ware  located  within  the  jurisdicticn  of  the  southwestern, 
oertral  and  sautheastem  regicnal  Hinistry  of  the  Environment  Offices 

Shorter  slcpe  lengths  normally  were  associated  with  hicfier  slope 
gradients  longer  slcpe  lengths  had  more  gradual  slc^  gradi^rts 
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Figure  3.3.3: 


Oonoentrated  Surfaoe  Water  Flew  causing  Gully  Fomntlon 
Along  the  Steep  Sid©  Banks 


Figun  3.4.1:     Sediment  depoeiticn  at  the  base  of  a  l^rdfill  Cap. 
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-i.O  MXEUJMG  THE  EPC6ICW  ffiOQSS  C 

the  sits  visits  Qi{:tiasized  the  fact  that  interrill  and  rill  erosion  is  not 
the  only  form  of  water  erosion,   nor  is  surface  water  rurming  dtwn  a  slope  the 
only  erreiCTi  mectanism  to  fee  modelled  on  landfill  sites.     For  exanple,   sane 
of  the  gullies  oriwited  iip  and  down  the  slopes,   in  sane  cases,  appearad  to  be 
the  result  of  erosic^i  down  preferential  flow  paths  caused  by  ccrpacticai  by 
the  equipment  used  to  place  the  cover.     In  other  instances,   it  appeared  that 
CBTce  water  infiltrated  the  landfill  cap  it  could  not  necessarily  be 
eliminated  frcm  the  possibility  of  ccoTtributing  to  erosion.     Itiis  infiltrated 
water  could  beccme  subsurface  flow  as  it  follcws  the  relatively  iitpenoeable 
cap  layer  be™>ath  the  tj^»5oll  i-enEpearLng  as  seepage  at  locaticns  of  thinning 
of  the  soil  cover  where  it  again  can  act  as  surface  flew  and  thus  the 
transport  medium  for  the  erosicri  process. 

Another  doninant  mechanism  seemed  to  be  the  result  of  oollqse  of  the  fill 
underlying  the  cover  along  with  subsequent  enlargement  of  the  hole.     Itie 
upper  walls  of  these  holes  were  severely  undercut  with  what  appeared  to  be 
subsurface  se^jage.     Sane  of  these  holes  were  ca:pletely  unconnected  to 
dcwnstream  holes.     It  appeared  that  dcwnslope  flc*;  thrcugh  the  upper  layers 
of  the  Gtwer  micfit  be  an  in^xartant  flow  mechanism  and  that  dtsr^^itiOTi  of  the 
caver  ty  coll^wing  underlying  fill  could  contribute  to  erosion  of  landfill 
covers. 

With  the  exception  of  erosioi  probieins  generated  by  fill  material  collapsing 
underneath  the  stnx±ure,   similar  mechanisms  for  erosion  can  be  found  on 
agricultural  land.     The  relative  magnitude  of  erosion  prdalems  and  losses 
caused  by  groundwater  seepage  as  exposed  to  surface  water  runoff  is  not  as 
high  an  agricultural  land  as  would  aj^iear  to  be  the  case  with  landfill  ccv'er 
errjsion.     This  would  explain  the  lower  csrphasis  placed  on  this  loss 
mechanism.     M:xlels  suc*i  as  the  USI£  and  even  more  physically  based 
relationships  do  exist  to  model  ercsiai  due  to  oi^rliind  flew.     A  reviarf  was 
made  of  sane  of  these  available  models,   their  values  and  deficiencies,   and 
will  be  included  in  the  final  report  for  this  phase  of  the  study. 

Beir^  able  to  model  infiltration  on  a  lanlfill  cover  would  appear  to  be  a 
very  iirportant  ccsiponent.     unfortunately,   no  madels  presently  exist  v*uc}i  can 
iticdel  audi  £*ienanencHi  as  cracking  of  the  oover,  downslope  seepage  through  a 
coi/er  and  the  effect  of  frost  layers  during  sxxxianelt  vt^ch  reduce 
inf iltratioi . 


5 . 0  nTEUMiHARy  n^vEsncKnaH  OF  mFmnwricH  prro  mwypj,'  gyms 

5.1  BaeJtmmaiU 

Having  the  capability  to  physically  quantify  that  porticffi  of  rainfall  that 
infiltrates  and  percolates  through  a  landfill  cover  as  opposed  to  beccming 
overland  runoff  would  be  advantagectis  v*en  atterrpting  to  mndel  the  erosion 
process  on  a  landfill  site,     m  1937,  personnel  within  the  Waste  Management 
Branch  of  the  Ontario  Ministry  of  the  ftrvironment  developed  a  lysiraeter 
design,  six  prototypes  of  v*iic*\  were  subsequently  installed  by  the  Region  of 
Peel  en  a  decowni  ssioned  area  of  the  Brittania  Road  Sainitary  landfill  site 


att 


located  in  Mississauga.     A  crcss-secticn  of  the  lyaimeters  as  they  were 
installed  at  the  site  is  presented  in  Figure  5.1.1.     Following  installation, 
the  tasks  of  nKnitoring  and  evaluatiiiq  the  performance  and  results  obtained 
fron  the  lysimeter  was  transferred  to  the  study  team.      It  was  anticipated 
that  thrtxigh  monitoring  the  lyslmeters,   an  iirproved  understanding  of  the 
infiltration  caiponent  of  the  entire  erosion  process  ce  landfill  oovers  would 
be  possible. 

5.2  Experiences  with  l^yEJaeters  to  Date 

Leupoid-Stevens  stage  recorders  were  installed  on  eadi  of  the  six  lysimeters 
in  August  1987,      In  Septentier  the  calibraticwi  procedure  was  defined  and 
initiated.     The  objective  of  the  calibration  pnacedure  was  to  measure  chanrjes 
in  the  depth  of  water  in  the  lysijneters  storage  zcne  caused  by  a  known   irput 
volume  with  a  view  to  generatirct  a  percolatic»i  volume  verses  depth  curve.      If 
suGoessful,   this  data  vraild  ultimately  be  enployed  to  determii^  what  fraction 
of  precipitation  percolates  through  the  landfill  c^.      Day  otis  of  the 
calibraticffi  procedure  progressed  much  as  expected.     A  datum  was  defined, 
ii^xjts  were  added  in  increanaits  of  100  litres  and  static  levels  were  reconSed 
folicwing  each  additicai.     When  inputs  were  approximately  equal  to  the 
capacity  of  the  storage  zone  a  stage  reconJed  was  reinstalled  to  monitor  the 
final  steps  to  equilibration.     The  following  day  the  level   in  tlie  first 
lysimeter  which  was  calibrated  was  measured  and  recorded.     The  entire 
procedure  was  repeated  and  again  appeared  satisfactory.     Upon  returning  cne 
week  later,   it  was  observed  that  the  recorder  (Smarts  had  fluctuated  up  and 
dcwn  the  chart  considerably  and,    at  the  time,    inexplicably  given  that  there 
could  be  no  losses  from  the  storage  zone.     For  the  next  few  weeks,   theories 
and  ctxinter-theories  were  disa.issed  and  dismissed.     Eventually  it  was 
hvpothesized  that  atino^^eric  pressure  was  influencing  the  recordir»g  level    in 
the  monitoring  well,  more  specifically,  an  inverse  relationship  existed  i^iene 
hii^  barometric  pressures  resulted  in  low  water  levels  and  coTversely  where 
low  barometric  pressure  yielded  high  water  levels.     As  can  be  seen  in  Figure 
5.2.1  the  inverse  correlation  between  barcnetric  pressure  and  recorder 
(water)    level  were  too  strtmg  to  dismiss.     For  the  abc^'e  hypothesis  to 
explain  the  extreme  fluctuations  in  water  level  readings,   the  presence  of  a 
trapped  air  layer  between  the  rising  water  level  and  the  ajr^iarently 
iirpermeable  or,   at  least,   send-inpermeable  overlying  recoi^acted  clay  layer 
was  GSsEintial.     To  confirm  or  deny  the  existence  of  the  "buttole  zone",   holes 
6  cm  in  diameter  were  drilled  fron  the  surface  dcwn  through  the  reconpacted 
clay  layer  to  vent  the  lysimeters.     ABS  pipes  were  installed  in  the  vent 
holes  and  the  lysimeters  were  again  left  with  stage  recorders   installed. 
While  not  conclusive,   the  results  of  the  next  noiitorinq  period  indicated  the 
hypothesis  of  the  trapped  butiile  to  be  correct.      Vented  lysimeters  reacted 
favourably  and  indicatjsd  similar  remedial  action  was  warranted  for  the 
balance  of  the  lysimeters.     Rather  than  venting  frcm  the  surface,    numerous 
small  holes  were  drilled  into  the  well  casing  m  the  0,8  metre  zone  above  the 
well  botton   (see  Figure  5.1.1).     Holes  in  the  well  casing  also  facilitated  a 
rapid  eJKJiange  of  air  and  water,    elimirating  unnecessary  delays  waiting  for 
the  lysimeters  to  ecfiilibriate  during  calibraticn. 

The  success  of  the  aforegoing  ranedial  drilling  resulted  in  six  out  of  six 
lysimeters  functioning  according  to  design,   at  least  as  far  as  the  soil 
physics  is  concerned.     Figure  5.2.2   illustrates  a  recent  period  of  recording 
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FIGURE  5.1.1  : 
Drain  Tile  Lysimeter  Cross-Section 

'  STEVCM  WATEil  LEVEL  RECOROEO 
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FIGURE  5.2.1:  COMPARISON  OF  BAROMETRIC  PRESSURE 
AND  WELL  WATER  LEVEL 
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FIGURE   5.2.2:  WELL  WATER  LEVEL 
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and,   as  can  be  seen,    the  water  levels  are  rising  slcwly  or  remain  relatively 
horizontal.     With  the  lysimeters  now  functioning  more  as  wc*Ud  be  expected 
they  vrere  again  calibrated  in  the  surnrer  of  19S8  to  develcp  d^ath  versus 
storage  volume  curves. 

Sore  concern  was  raised  by  the  designers  of  the  lysimeters  as  to  their 
pcssible  deterioration.     Consequently  two   (2)    lysimeters   (one  of  each  storage 
zt^ie  type)   were  excavated  in  the  sunmer  to  determine  their  ctxidition. 
Pertinent  lysimeter  layers  were  not  surveyed  in  and  reterenoed  to  a  permanent 
berrimark,  making  it  difficult  to  ccnclusively  determine  if  any  shifting  of 
the  lysimeter  had  taken  place.     Nevertheless,  based  en  cur  interpretatic«TS  as 
to  how  they  were  installed,    it  was  concluded  that  little  ciiange  had  occurred 
in  their  configuration  since  their  installation. 

Minor  problens  still  persist  with  respect  to  obtaijiing  contirMcus  reliable 
datasets  from  the  lysimeters,     Itecamendaticns  for  inprowments  which  are 
based  on  experienoes  to  date  with  the  lysimeters  as  they  currently  exist  have 
been  made.     Such  changes,    if   inplanentad,   wculd  alleviate  most  of  these  minor 
Fomblems  and  thus  enhance  the  l^^imeter's  functioning. 


6.0  ajHnnnTCTFi 

From  the  site  inspections  made  to  landfill  sites  in  sojthem  Ontario,   it 
would  appear  that  soil  erosicn  caused  by  water  is  a  problem  and  withc«jt 
attention  given  to  this  problem  wpcn  closure  of  the  site  cculd  affect  the 
long-term  stability  of  the  landfill  cover.     landfill  covers  are  mcst 
susceptible  to  erosion  during  the  first  few  years  after  being 
deoomnissicned.     Establishing  a  vegetative  cover  early  and  quickly  vtiile 
managing  surface  water  flew  off  the  site  would  appear  to  be  key  factors.     On 
the  basis  of  the  ctoservations  iT«de  at  several   landfill  sites,    it  appears  that 
erosion  is  fairly  easy  to  control  and  oontain  within  reasonable  limits. 
Increased  adoption  of  and  slit^t  modi f icaticsis  to  erosion  control  planning 
techniques  and  practices  currently  used  on  agricultural   land  and  road 
right-of"wa>ra  would,    in  the  majority  of  cases,  produce  quite  satisfactory 
rtssuits  in  terms  of  controlling  the  landfill  cap  erosion  observed. 

Being  able  to  guantify  the  amount  of  infiltraticai  wcwld  be  beneficial  not 
only  in  terms  of  more  accurately  estimating  erosicai  losses  frati  landfill 
covers  but  also  for  estimating  what  portion  of  yearly  rainfall  peroolates 
throuc^  the  cap  generating  leachate.     Ihe  prototype  lysimeters  whidi  were 
testeti  have  had  numerous  prctolems  associated  with  them,  and  could  yet  be 
inprCT.'ed.     Ccsisequently,    the  data  from  their,  at  the  time  of  writing  is 
inamclusive.     A  full  year  of  data  will  better  answer  the  question  as  to 
their  ability  in  estimating  landfill  cover  infiltration. 
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DEVELOPMENT  OF  BACKFILL  AND  rONSTBUCTION 
APPLICATION  GUIDELINES  FOR  ONTARIO 

bv 

M.  Kellp^^r  an6   B.  Whi-ffin 

CANVIRO  Consultants 

A  Division  of  CH2M  HILL  ENGINEERING 

Pla/a  3,  Suite  IDO,  2000  Arge-ntia  Road 

Mississauga,  Ontario   L5N  1V9 

Tentative  ouidelines  were  develnped  for  the  classification 
of  industrial  waste  and  by-product  materials  for  backfill 
and  construction  applicationB.   These  tentative  guidelines 
w>?re  based  on  results  of  bulk  characterization  of  the  mater- 
ial in  question,  and  also  on  leachate  extracticn  procedure 
results.   A  tentative  classification  system  was  developed, 
based  on  the  above  two  procedures.   The  effectiveness  and 
reliability  of  these  tentative  guidelinPF  ?rp  currently 
being  tested  through  a  field  prooraw  which  examines  the 
impact  of  industrial  materials  used  in  backfill  and  construc- 
tion applications.   Three  materials  are  beinq  ir.veFtioated 
during  this  phase  of  the  pro]ect,  namely;  blast  furnace 
slac;,  fly  ash  and  foundry  sands.   .Sites  which  contain  rela- 
tively large  volumes  of  each  of  these  materials  were 
selected  for  a  field  study  prrjaram.   The  proaram  involves  a 
hvdroaeological  investigation  of  each  site,  bulk  chemical 
characterization  cf  the  material  placed  at  the  site,  and  a 
leachate  extraction  procedure  carried  out  on  the  material 
placed  at  the  site.   Groundwater  both  upstream  and  down- 
stream of  the  site  is  anal^Kcd.   The  purpose  of  the  field 
study  is  to  asseES  the  extent  to  which  results  of  the  bulk 
chemical  characterization  and  leachate  tests  are  an  indica- 
tirr  of  the  impact  of  material  placement  on  downstream 
groundwater  quality.   The  results  of  the  field  program  will 
determine  the  ef fecti'-er.eEE  of  the  tentative  guidelines, 
which  will  then  be  modified,  as  appropriate,  based  on  the 
field  program  results. 
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DEVELOPPF.NT  OF  BACKFILL  AND  CONSTRUCTION 
APPLICATION  GUIDELINES  FOE  ONTARIO 


INTRODUCTION 


Hlstoricallw,  aelpcted  industrial  waste  and  by-product 
materials  such  as   slags,  fly  ash  and  foundry  sands  have  been 
employed  for  backfill  and  in  a  variety  of  construction  uses. 
Decisions  regarding  specific  applications  have  been  made  on 
an  ad  hoc  basis  with  varying  amounts  of  supporting  data. 
The  lark  cf  standard  procedures  for  assessing  and  classify- 
ing these  wastes  prompted  the  Ontario  Ministry  of  the 
Environment  through  its  Waste  Management  Sranch  to  undertake 
preparation  of  Cuii^elines  for  the  utilization  of  Industrial 
Wastes  in  Backfill  ant^  Construction  Applications. 

A  tentative  waste  classification  process  was  developed  dur- 
ing Phase  I  of  this  project.   A  second  phase  program  was 
de"e]cped  to  establish  the  effectiveness  and  reliability  of 
the  proposed  guidelines  developed  in  Phase  I,  through  field 
studies  at  selected  sites, 

Tbp  site  selection  process  was  based  or  evaluation  of  known 
sites  which  were  ranked  on  a  number  of  criteria  with  high, 
medium  and  low  ranking  fccres.   Field  testinq  involved  bulk 
Tuality  characterization  and  leachate  testing  of  backfill 
samples  from  each  of  the  selected  sites.   Frvdrcaecloaic 
ini'estigations  were  also  conducted  at  the  selected  sites  and 
included  groundwater  sampling  for  a  number  of  parameters. 

The  proposed  guidelines  will  be  modified  as  recuired,  based 

on  the  results  of  the  Phase  TI  field  investigations. 
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PRQPOSl^D    CIASSIFICATION    PROCESS 

The  proposed  classification  proceEE  wsf  ('erived  from  a    number 
of  Ontario  ppcnilations  in  existence  at  the  time  of  classifi- 
cation process  development.   Three  disposal  categories  were 
reccnunended,  namely : 

o    Lakeshore/Shoreline  Disposal 
o    Restricted  Land  Use 
o     Construction  Use 

The  classification  of  a  waste  materinl  into  one  of  the  above 
categories  would  be  based  on  resulte  of  bulk  qualitv  and 
leachate  character iz.Ttior  tests.   A  fourth  category,  inunobi- 
lization,  referred  to  the  further  processiro  of  waste 
material  to  produce  a  r.ew  material  requiring  re-classifica- 
tion. 

A  "Schedule  of  Acceptable  Wastes  and  Uses"  was  also  recom- 
mended in  which  industrial  materials  would  be  included  by 
common  name  and  description,  along  with  the  use  category  for 
which  the  waste  is  considered  acceptable.   Wastes  listed  in 
the  Ecbedule  would  not  normally  require  bulk  chemical  charac- 
terization or  leachate  quality  testina,  althcuoh  the  MOE  at 
its  discretion  may  wieh  to  review  the  material  use  in  «  par- 
ticular situation,  and  request  additional  testing. 


FieLD  PROGPAJ-  site:  selection 

The  initial  field  studies  were  limited  to  the  following  mat- 
eriels; 

o    blast  furnace  slag 

o    fly  ash 

o    foundry  sands 
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An  inventory  of  aites  in  Ontario  containinq  these  materials 
was  developed,  and  each  sit*?  evflluat^  usinq  a  number  of 
project  Fpec-ific  criteria.   A  short  list  of  desirable  sitps 
was  develcppd,  and  each  site  assessed  in  some  detail  to 
determine  its  suitability  for  the  proposed  study.   Desireible 
criteria  incJuded: 

Site  contained  only  one  material 

Geological  and  hydrogeolcglcal  setting  were  known 

Site  was  still  operational/relatively  new 

rit-^  boundaries  and  operational  history  were  documented 

Site  was  typical  of  other  sitep  crntr.ining  same 

material 

The  final  site  selection  process  was  more  complex  than  ori- 
ginally envisioned  for  a  number  of  reasons.   A  number  of 
sites  containing  blast  furnace  slag  were  identified,  how- 
ever, most  of  these  were  a  number  of  years  old.   The  impacts 
of  slag  placement  are  reportedly  more  significant  soon  after 
placement,  hnnce  a  younger  slaa  sit»»  was  preferable.   How- 
ever, because  of  the  demand  for  slno  in  recent  years  in  the 
cement  and  concrete  industry  very  few  recent  slag  sites  were 
identified. 

A  number  of  sites  were  potentially  affected  by  Fvrroundinq 
lend  use  (e.g.  slag  in  sewer  backfill,  cr  beneath  roads, 
frurdrv  sand  adjacent  to  sewage  sludge,  etc.).   Little  or  no 
hvdrogeologic  cr  geologic  information  was  usually  available 
for  the  sites  identif .^.ed.   In  some  cases  (e.g.  foundries) 
waste  properties  varied  within  the  same  industry.   Foundry 
sand  sites  were  frequently  found  to  contain  a  heteroceneous 
mix  of  waste  materials  from  foundry  operations.   It  became 
difficult  to  identify  a  site  with  one  type  of  material  only. 
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Other  problems  encountered  included  the  difficulty  of  iden- 
tifying an  active  site,  and  also  obtaining  property  owners 
permission  to  carry  out  fjrld  work.   Many  site  operators 
qa*'i=  verbal  approval  to  site  work  during  preliininary  discus- 
sions, but  decided  against  co-operation  when  written 
approval  was  requested.   Because  of  the  above  difficulties, 
site  selection  took  longer  than  originally  anticipated. 
Field  work  was  finally  carried  out  during  spring,  summer  and 
fall,  !9fl8  at  thr^e  pi tes  described  in  the  following  sec- 
tions. 


FOUKDBY  SAND  SITE 

The  foundry  sand  site  is  located  outside  Hainilton,  Ontario, 
and  disposal  is  or-ocing  in  a  marshy  area,  which  is  being 
reclaimed.   The  site  covers  peveral  acres  and  has  been  oper- 
ational since  1979,  and  has  a  Certificate  of  Approval. 
The  depth  of  sand  is  1.3-2  m.   Shell  core  and  green  sands 
are  uaed  at  this  grey  iron  foundry.   A  total  of  4  piezometer 
nests  {2   piezometers  at  each)  were  located  at  the  site,  at 
depths  of  up  to  7  m.   One  recent  and  one  older  foundry  sand 
sainple  were  taken  for  leachate  testing  and  bulk  chemical 
characterization. 


FLV  ASH  SITE 

The  fly  ash  site  is  located  in  parkland  in  Mississauga,  and 
has  been  closed  since  197S.   Exterrive  monitoring  was  car- 
ried ou*-.   at  the  site  over  a  number  of  years  by  others. 
Fxistina  wells  were  re-conditioned  for  the  present  study. 
One  sample  of  recently  produced  ash  was  taken  for  bulk  and 
leachate  testing  from  the  Generating  station  which  supplied 
the  ash  for  the  site  orioinally.   A  second  sample  of  wea- 
thered ash  was  taken  from  the  site  itself  for  similar 
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an.3lyse&.   The  results  o£  thest  analysis  will  determine  if 
the  as^  characteristics  change  with  time  by  comparing  recent 
and  weathered  aah  results.   A  total  of  8  piezoncterB  at  the 
site  were  sampled  for  the  prPEPPt  pro-tect.   Two  of  these 
were  located  in  the  ash  itself.   The  remaining  piezometers 
were  located  in  native  soils  upgradient,  beneath  and  down- 
gradient  of  the  site. 


BLAST  FURNACE  SLAG  SITE 

The  blast  furnace  slag  site  is  a  highway  ramp  located  in 
Miasisaauga,  where  slag  was  used  as  a  foundation  for  a 
bridge  abutment  constructed  approximately  two  yaars  ago. 
The  slag  is  up  to  5  m  deep  at  some  parts  of  the  ramp 
embankment.   A  total  of  10  piezometers  are  located  at  the 
site,  to  a  maximum  depth  of  10  m.   Weathered  slag  samples 
for  bullc  chemical  and  leachate  testing  were  taken  from  the 
ramp,  and  a  fresh  slag  sample  was  taken  from  a  slag  company 
in  Hamilton.   Groundwater  samples  were  collected  from  8  of 
the  10  piezometers. 


DESCPIPTION  OF  SITE  IBVESTIGATIQNS 

Site  investigations  consisted  of: 

i)    Hydrogeolooic  investigations 

ii)   Groundwater  sampling  and  analysis 

tii)  BtTCkfill  material  sampling  and  analysis 

One  or  two  background  wells  were  installed  upgradient  of 
f>ach  site.   Up  to  seven  additional  wells  were  EEirpled,  some 
within  the  wastes,  some  below  the  wastes,  some  downgradient 
of  the  wastes.   Parameters  analyzed  in  groundwater  taken 
from  these  wells  generally  included  trace  metalr,  major  ions 
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(including  alkcilinity)  ,  phenols,  electrical  conductivity 
temperature  and  pH.   Hydraulic  conductivity,  was  evaluated 
using  in-situ  hydraulic  testing.   Groundwater  flow  direction 
and  velocity  will  be  determined  as  part  of  the  study. 

The  groundwater  sampling  effort  was  directed  at  obtaining 
representative  samples.   Extensive  well  development  and  test- 
ing was  conducted  prior  to  each  sampling.   Dedicated  samplers 

were  used  for  the  project ,   Samples  were  filtered  and 
prepared  in  the  field  where  necessary.   A  minimum  of  three 
well  volumes  were  extracted  prior  to  each  sampling  round. 

QA/QC  {Quality  Assurance/ Quality  Control)  measures  in  the 
field  consisted  of  a  trip  blank  and  a  duplicate  for  each 
site  during  each  of  three  sampling  rounds. 

Backfill  material  sampling  and  analysis  consists  of  taking 
both  old  and  recent  ("fresh")  samples  of  material  for  leach- 
ate  (Regulation  309  Procedure)  and  bulk  property  testing. 


INTERPRETATION 

Classification  of  samples  will  be  carried  out  in  accordance 
with  the  draft  guidelines.   The  impact  on  groundwater 
quality  will  be  determined  by  comparing  upgradient  and  down- 
gradient  results.   The  observed  impact  on  groundwater  will 
be  compared  to  drinking  and  surface  water  guidelines. 

The  results  of  the  field  program  will  be  used  to  judge  the 
effectiveness  of  the  tentative  guidelines,  which  will  then 
be  modified,  as  appropriate,  based  on  the  field  program 
results . 
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ABSTRACT 


TREATMENT  AND  DISPOSAL  OF  HAULED  SEWAGE  UNDER  PART  VIII, 
ENVIRONMENTAL  PROTECTION  ACT, 

J.L.  Sirith,  M.Sc,  of  Oliver,  Mangione,  McCalla  (.  Associates 

Limited 

154  Colonnade  Road  South 

Nep€an,  Ontario 

K2E  7J5 

(613)  225-9940 

Introduction  and  Objectivea 

The  firm  of  Oliver,  Mangione,  McCalla  &  Associates  was 
commissioned  by  the  Ministry  of  the  Environment  to  study  the 
treatment  and  disposal  of  hauled  sewage  across  the  province 
of  Ontario. 

The  first  objective  in  this  study  was  to  establish  the 
current  practices  of  hauled  sewage  treatment  and  disposal. 
To  collect  this  data,  a  questionnaire  was  devised  and 
submitted  to  each  of  the  Health  Units  and  Ministry  of  the 
Environment  Regional  and  District  offices.  The 
questionnaire  collected  data  on:  (i)  hauled  sewage 
collection  including  haulers,  vehicles  and  annual  volumes; 
(iil  hauled  sewage  composition;  (iiil  disposal  and  treatment 
practices  and;  (iv)  complaints  and  problems.  As  part  of 
this  objective  to  establish  current  practices,  site  visits 
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and  interviews  were  organized  with  some  of  the  Health  Unite 
and  Ministry  of  the  Environment  offices.  These  visits 
included  on-site  assessment  of  current  disposal  systems  and 
allowed  for  the  collection  of  septage  and  soil  samples.  The 
samples  were  subsequently  analysed  for  both  quantitative  and 
qualitative  characteristics  to  determine  the  nature  of  the 
materials. 

The  second  task  In  this  study  was  to  perform  a  literature 
review.  This  included  a  review  of  the  Ontario  regulations 
and  practices  as  well  as  those  of  adjacent  provinces  and 
states.  Several  databases  at  the  National  Research  Council 
of  Canada  were  accessed  for  references. 

The  final  objective  of  the  study  was  the  assimilation  of 
data  and  draft  reporting  of  current  Ontario  practices.  The 
reporting  led  to  recommendations  for  alternative  schemes  for 
the  treatment  and  disposal  of  hauled  sewage. 

Current  Practices 

The  study  results  indicated  that  approximately  4  50  haulers 
are  operating  some  560  vehicles  across  the  province,  and 
collected  an  estimated  900  million  litres  of  hauled  eewage 
last  year.  The  average  haul  distance  to  the  disposal  site 
is  27  kilometer  and  the  average  haul  fee  is  568.00. 
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This  septage  is  being  disposed  in  a  reported  628  sites 
across  the  province*  two- thirds  of  which  are  agricultural 
disposal  sites  (423  sites)  .  The  majority  of  the 
agricultural  sites  were  reported  to  be  using  a  moving  truck 
to  spread  hauled  sewage  (362  sites) .  The  remaining  disposal 
sites  are  primarily  municipal  wastewater  treatment  plants 
(81  sites)  and  lagoon  systems  (64  sites)  .  All  of  these 
disposal  methods  were  reported  to  be  used  during  the  winter 
months,  as  255  sites  were  reported  operational. 

The  majority  of  complaints  received  by  the  Health  Units  and 
the  Ministry  of  the  Environment  offices  concerned  disposal 
sites,  approximately  300  over  the  past  year.  These 
complaints  were  primarily  about  site  pollution  including 
surface  and  groundwater  pollution  as  well  as  aesthetic 
concerns  including  site  odours  and  health  risks.  A  reported 
100  complaints  were  received  about  the  sewage  haulers,  the 
majority  of  which  were  concerned  about  unauthorized  dumping, 
and  the  balance  of  which  were  primarily  about  traffic 
concerns . 

Treatment  and  Disposal  Options 

A  literature  review  was  conducted  to  assess  the  current 

treatment  and  disposal  options  in  North  America.  The 
following  treatment  alternatives  are  avai  table  -. 

I)    Co-treatment  of  septage  and  sewage 

Wastewater  Treatment  Plants 
2}    Land  Application  -  land  spreading  and  soil  injection 
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3)  Lagoone  and  Stabilization  Ponds 

4)  Chemical  Treatment 

5)  Rotating  Biological  Contactors 

6)  Composting 

7)  Conditioning 

8)  Dewaterlng 

9)  Disinfection 

There  are  several  disposal  alternatives  available  for  hauled 
sewage,  these  include  the  following; 

1)  Surface  Application 

a)  land  spreading 

b)  ridge  -  furrow 

c)  spray  irrigation 

2)  Subsurface  Application 

a)  plow  -  furrow 

b)  sub-sod  injection 

c)  terreator  injector 

3)  Burial  Methods 

a)  trenches 

b)  sanitary  landfills 

c)  leaching  lagoons 

d)  disposal  lagoons 

Conclusions  and  Recommendations 

At   the   time   of   publication   the   conclusions   and 
recommendations  have  not  been  completed  for  this  study. 
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FACTORS  AFFECTING  THE  C0NCENTRA1  ION  OK  METAL  IONS 
IN  MUNICIPAt  REFUSE  LEACHATE.  G.Kosta.  S.Hirani  iind 
D.W.Kirk  Deparlmt-nt    of    Chemical     Engineerinj;    and     Applied 

Chemistry,  University  of  Toronto,  Tonmto,  Ontario  M5S  IA4. 

The  use  of  landfill  has  been  ihe  traditional  means  of  disposing  of 
municipal  refuse  and  n:mains  the  most  economical  and  altraciive  disposal 
ojnioTi.  Despite  the  long  history  of  this  fonn  of  disposal,  much  remains 
unknown  of  the  processes  thiit  occur  in  the  refuse  site.  Tlic  effects  of  loxic 
contaminants  in  municipal  refuse  is  of  particular  concern  since  migration  of 
these  species  to  the  environment  might  occur.  Factors  which  affeci  the 
migration  of  contaminants  are  complex  and  include:  the  variable  nuiure  of 
refuse,  the  infiltration  t)f  moisture  froin  precipitation,  the  microbial 
breakdown  of  organic  maiier.  the  generation  of  an  anaerobic  environment 
and  the  temperature  fluctuations.  One  of  the  major  difficulties  in  assessing 
the  impact  of  a  municipal  refuse  site  on  ihe  environment  is  in  predicting  the 
quantity  and  contaminant  levels  of  the  leachaie  produced. 

The  leachate  generated  from  a  municipal  refuse  landlill  begins  as 
precipitation  and  undergoes  a  number  of  changes  as  it  peretilates  through  the 
landfill  environment.  The  initial  air  saturated  water  becomes  increasingly 
anaerobic  and  becomes  loaded  with  both  inorganic  and  organic  species 
before    seepmg    into   the   water   table.   The   impact   of  this   liquid   on   the 
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environment  is  determined  by  the  volume  discharged  and  the  conceniraiion 
of  species  in  the  liquid.  Predicting  the  concentrations  of  metal  ions  in  the 
leachate  is  very  difficuh  due  to  the  nature  of  the  refuse  and  the  reactions 
taking  place  in  the  landfill. 

One  approach  in  determining  the  composition  of  the  leachate  is  to 
identify  the  relative  importance  of  the  various  factors  in  controUing  the 
amounts  of  the  contaminants.  In  this  work,  we  studied  the  concentration 
constraints  that  might  occur  because  of  the  presence  of  carbonate  and 
hydroxide  species.  Many  metals  have  sparingly  soluble  salts  of  carbonates  or 
hydroxides,  so  thai  there  might  be  a  natural  limit  to  the  concentrations  of 
these  species  found  in  municipal  refuse  leachate. 

The  assumptions  that  were  used  in  testing  this  hypothesis  are  that  the 
biological  breakdown  of  organic  matter  to  CO,  cannot  produce  a  pressure  of 
more  than  one  atmosphere  (101  kPa).  This  ga.s  pressure  would  set  the 
maximum  dissolved  CO,  concentration  and  can  be  calculated  from  gas  law 
solubilities.  This  dissolved  CO^  would  equilibrate  to  fonn  the  carbonate  and 
bicarbonate  ions  (dependent  on  the  pH  of  the  leachate)  and  in  turn  limit  the 
concentrations  of  some  of  the  dissolved  metal  ion  species.  This  approach 
assumes  that  the  liquid  and  solids  are  in  contact  sufficiently  long  to  establish 
a  pseudo-equilibrium  state.  While  maximum  concentrations  of  metal  ions 
can  be  calculated,  many  additional  factors  could  prevent  concentrations  from 
reaching  these   values.   However,  concentration  values  cannot  exceed  the 
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solubility  limits  unless  the  metal  ion  is  in  a  complex,  more  stable  than  the 
carbonaie/bicarbonate/hydroxide  salts.  Identification  of  these  very  stable 
metal  complexes  is  particularly  important  because  the  complexes  are  likely 
10  be  organic  in  nature  and  hence  able  to  be  assimilated  in  the  food  chain. 
Thus  maximum  metal  ion  concentrations  that  can  be  predicted  through 
solubility  laws,  can  be  modelled  for  worst  case  scenarios,  while  metal  ion 
concentrations  that  exceed  solubility  predictions  should  be  targeted  for  their 
impact  on  the  biosphere  because  of  their  potential  for  bioaccumulation. 

The  metals  that  have  been  investigated  include:  calcium,  lead.  zinc,  iron 
and  cadmium.  The  data  from  column  studies  on  the  effect  of  codisposal  of 
industrial  wastes  with  municipal  refuse  was  used  as  the  .source  of  metal  ion 
concentrations  as  a  function  of  pH.  These  studies  have  been  reported 
elsewhere'.  All  the  metals  studied  showed  concentrations  less  than  that 
predicted  by  solubility  modelling  except  iron.  In  general,  a  good  correlation 
with  solubilities  based  on  carbonate  for  pH  ranges  5  lo  8  was  observed, 
while  hydroxide  solubilities  yielded  less  accurate  predictions.  Conversely, 
for  a  pH  ranging  from  9  to  12.5.  predicted  concentrations  based  on 
hydroxide  solubilities  were  closer  than  those  predicted  by  carbonate 
solubilities.  The  formation  of  .stable  organic  zinc  complexes  reported  by 
Pohland  and  Gould'  were  not  observed  in  this  work,  despite  the  significant 
zinc  concentrations  of  industrial  waste  used  in  some  of  the  tcst.s. 

The  iron  concentrations  observed  were  interesting  because  they  exceeded 
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the  solubility  limits  expected  for  the  given  pH  and  carbonate  levels.  Since 
all  of  the  samples  were  from  filtered  leachate  (<0.45um)  the  possibility  of 
microbial  or  suspension  interference  is  low.  The  solubilized  iron  was 
sensitive  to  oxygen  which  caused  precipitation  in  leachate  samples  exposed 
lo  air.  The  evidence  points  to  the  presence  of  an  organic  complex  of  iron. 
Since  the  complex  is  unstable  in  the  presence  of  air.  the  mobility  of  ihe 
species  is  likely  to  be  limited. 

The  significance  of  the  research  is  thai  a  variety  of  metal  ions  which  are 
found  in  municipal  refuse  leachate  appear  to  be  adequately  modelled 
through  solubility  limitations  imposed  by  carbonate  and  pH  conditions.  The 
presence  of  an  organic  iron  complex  in  municipal  refuse  leachate  is  an 
important  finding  since  the  concentration  limits  imposed  by  carbonate  and 
hydroxide  conditions  do  not  apply.  This  species  may  have  implications  for 
bioaccumulalion. 

1.  Kirk.  D.W.  and  Pirani.  S.,  Report  on  Codisposal  of  Municipal  and 
Industrial  Wastes,  Proceedings:  Technology  Transfer  Conference  No.  9. 
1988. 

2.  Pohland.F.G.  and  Gould.  J.P..  "Fate  of  Heavy  Metals  During  Landfill 
Stabilization  of  Solid  Waste  Materials  with  Leachate  Recycle",  Final  Project 
Report..  EPA  Project  R-806498.  1984. 
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CP4 

SLOW   RATE   INFILTRATION   LAND  TREATHEHT  AMD  BECIRCULATIOH 

OF  LANDFILL  LEACHATE   IN  ONTARIO 

R.A.    McBrlde,    A.H,    Cordon,    P.H,    Croenevelt.    T.J.    Gillespie,    and   L,J,    Evana 
University   of  Guelph.    Guelph.    Ontario 

1.0     Introduction 

This  extended  abstract  reports  on  progress  made  up  to  the  approximate 
mid-way  point  of  this  Chree-year  research  study  (M.O.E,  project  no.  RAC- 
333).  Emphasis  will  be  placed  on  two  specific  studies  being  undertaken  In 
this  multt- faceted.  Interdisciplinary  project;  Chat  is  vegetative  and  soil 
raicrobliil  response  to  HSW  leachate  exposure .  The  vegetative  response  data 
presented  here  originate  from  the  Kuslcoka  Lakes  landfill  near  Port  Carling, 
Ontario  (Mcflride  £i  ai.,  1988).  whereas  the  soil  microbial  response  data 
were  collected  at  the  Hamilton-Wentworth  regional  landfill  In  Glanbrook 
Township.  In     all,      four     leachate     sources     are     being     used     for     various 

experiments  in  this  study,  and  Table  l  provides  Information  on  certain 
chemical  constituents  of  each.  A  full  screening  of  organic  contaminants  is 
also  being  carried  out  in  collaboration  with  the  Canada  Centre  for  Inland 
Waters   In  Burlington,   Ontario. 


Table    1. 

Chemical 

composici 

on    of    four 

landfill 

leachates 

under 

Inves 

Igatlon. 

Landfill   Sire 

Chemical 

Constituents* 

Kuskoka 

Glanbrook 

Leamington 

Cuelph 

NOj 

0 

0 

0.34 

0 

NH, 

103 

12,5 

360 

865 

PO, 

0 

0 

0 

1.38 

SO, 

0 

258 

10. 0 

49.4 

CI 

96 

1039 

900 

2464 

Kg 

32 

594 

90 

S80 

K 

114 

406 

483 

1301 

Ma 

il 

580 

373 

1109 

Fe 

37.5 

0.22 

0.42 

1.11 

Mn 

6.77 

0 

G.Ol 

5.0? 

Ml 

1, 46 

0 

0 

0.S2 

Cd 

0.12 

0.03 

0.U 

0.05 

Cu 

0 

0 

0 

0 

Pb 

0 

0 

0 

0 

Zn 

2.67 

0.04 

,0,05 

0.03 

TOC 

2<i46 

647 

21fi 

3774 

pH 

5.W 

7.45 

7.65 

7.01 

*  all  chemical  conscltuencs  are  In  units  of  iigtaV  ^   with  the  exception  of  pK 
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2.0     VcgeEativa  Responses 

2.1  Preface 

Research  on  vegetation  at  the  Miiskoka  Lakes  landfill  site  has  boon 
directed  at  aspects  of  forest  decline  and  the  stress  ecophyslology  of  sugar 
maple  (Acer  aacchayuq  Marsh)  attributable  to  the  leachate  spray  Irrigation 
syateni  operated  by  the  aninlcipality.  Studies  on  the  carbon  dioxide  and 
water  vapour  exchange  rates  of  understory  saplings  and  the  spectral 
properties  of  their  leaves  hava  boon  undertaken  in  irrigated  and  unlrrlgated 
areas.  The  spectral  properties  of  ovemtory  leaves  of  mature  trees  pruned 
above  the  range  of  direct  foliar  contact  have  also  been  investigated  In 
collaboration  with  researchers  Eron  the  Ontario  Centre  for  Remote  Sensing 
(OHNR)  .  Data  from  the  1987  and  1988  seasons  are  being  analysed  and  some 
prDlLoiinary  results  are  presented  and  discussed  here. 

2.2  Understory   Photosynthesis   and  Transpiration 

Dally  spray  application  of  leachate  on  the  forest  understory  during  the 
growing  season  deposits  a  residue  on  plant  leaves  to  the  point  where  the 
entire  adaxlal  (upper)  surface  Is  irreversibly  stained  through  to  leaf 
aenscenca  In  the  autumn.  This  precipitate  has  properties  that  may  Instigate 
changes  In  leaf  energy  budgets  by  altering  the  amount  and  characteristics  of 
Incident  radiation  In  addition  to  possible  direct  phytocoxlc  effects  or 
changes  In  leaf  coll  structure.  The  abaxlal  (lower)  surfaces  of  the  leaves, 
however,  remain  largely  unstained,  the  leaves  reraaln  turgid  and  otherwise 
retain  the  outward  integrity  of  unsprayed  leaves  throughout  the  growing 
season. 

A  LI-COR  model  LI-6000  portable  photosynthesis  system  was  employed  to 
determine  carbon  dioxide  and  water  vapour  exchange  rates  and  stomatal 
conductance.  Measurable      decreases       in      the      stomatal      conductance      and 

photosynthetic    rates    of    spray    Irrigated    saplings   were    observed    (Figure    1) 
Photosynthatlc      rates      of      spray      Irrigated      saplings      also      decreased     with 
increasing    PAR    irradlance     (Figure    2)     In    contrast     to    the    normal    rise    with 
irradlanco      demonstrated     by      the      control      saplings,  The      rate      at     which 

photosynthesis  increased  In  response  to  higher  stomatal  conductance  levels 
Is  also  lower  In  Irrigated  saplings  (Table  2)  but  appears  to  have  laproved 
over  the  two  month  sampling  period  In  1988.  In  contrast  Co  these  findings, 
transpiration  rates  of  Spray  irrigated  saplings  did  not  deviate 
substantially  and,  in  some  cases,  actually  exceeded  those  measured  In 
control   saplings. 

Many  environmental  parameters  have  an  effect  on  stomatal  conductance 
(e.g.  relative  humidity,  Irradlance,  leaf  and  ambient  air  temperatures)  and 
some  of  these  factors  have  a  direct  effect  on  the  photosynthetic  process 
Itself  quite  apart  from  the  influence  on  COj  fixation  through  stomatal 
aperture      response.  The      relative      Importance      of     any     one      parameter      in 

controlling  photosynthetic  rates  may  be  more  easily  discerned  if  viewed  in 
terms  of  its  Inhibitory  effect  (I.e.  photosynthetic  limitation) .  This 
enables  the  partitioning  of  stomatal  and  non- stomatal  limitations  to 
photosynthesis  (Jones,  1985).  This  approach  has  been  applied  to  distinguish 
parameter  limitations  to  photosynthesis  in  trees  under  differing 
envlronaental  conditions    (Teskay  £i  gX. .    1986}   and  during  rapid  water  stress 
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Figure    1,    Rate  of  photooyncheaie  vs.    BCoraaEal   conductance   for 
leachate    irrigated   and   unirrigated   understory    leaves 
of   sugar   maple   at   Muakoka   Lakes    (Aug,    31.    1988). 
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rigure   2.    Hate   of   photosynthesis   vs.    incident   photosynthetlcally- 
active   radiation    for    leachate    irrigated   and    unirrigated 
underatory   leaves   of    sugar   maple   at   Muskoka   Lakes 
(Aug.    16.    1988}. 
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<Comlc  s£  a1- .  1983).  The  lower  ratea  of  phocoaynthesis  In  spray  Irrigated 
aaplinge  compared  to  those  of  control  saplings  at  elnllar  stomatal 
conductances  (Figure  1)  and  the  generally  lower  rates  at  which 
photosyntheals  Increases  with  larger  stomatal  apertures  (Table  2)  Infer  that 
the  dominant  phocosyntheclc  linitations  in  operation  may  be  non-stosatal  In 
nature . 


Table  2.    Results  from  simple  regression  of  photosynthetlc  rate 

(iDg  CO, im'^'a' ' )  of  sugar  maple  against  the  logarlchn  of  atoKatal 
conductance  (cni's"')  for  three  dates. 


Treatinent 


Least  Squares  Parameter  Coefficients* 
bg  ( intercept )  b,  (slope ) 


July  6,    19B8 

Control 
Irrigated 

9.439 

August  16,    1988 

Control 
Irrigated 

0.432 
0.303 

August  30,    198S 

Control 
Irrigated 

0.491 

0.316 

0.15ft 
0.081 


0.153 
0.112 


0.205 


*  all   regressions  were  significant  at  P  <  0.001 


Water  use  efficiency  (WUE) ,  the  ratio  of  carbon  dioxide  asslnilatad  to 
water  lost,  was  lower  in  Irrigated  saplings  over  the  sampling  period  (Table 
3).  Houever,  the  later  measure  of  irrigated  UUE  exceeds  that  of  the  earlier 
season  control  measure  made  under  abnoraally  severe  water  stress  conditions. 

Table    3.       Uater    use   efficiency   of   irrigated   and   unirrigated   sugar  maple    for 
three  dates. 


Date 


Water  Use  Efficiency 


July  6,  1988 

August    16,    1988 
August  30,    1988 


Control 
Irrigated 

Control 
Irrigated 

Control 
Irrigated 


mg  COj.g-%0 

3.21  ±  0.05 

0.94  t  0.37 

6,64  ±   1.32 

0.87  ±  0.A2 

13.16  ±  1.50 

i.87  ±  0.68 
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2.3  Understory  and  Ovoratory  Leaf  Spectral  Properties 

The  quality  and  quantity  of  spectral  reflectance,  transmit cance  and 
absorbsnca  of  light  by  leaves  In  the  visible  and  near- infrared  (400-1100 
nn)  wavelengths  provide  a  basis  for  characterizing  foliar  structure  and 
symptomatic  Interpretation  of  plant  health  (Gates  £t  al-  .  1965;  Horlet  s£ 
al , .  1983).  Spectral  measurenenCs  on  undetstory  and  overstory  leaves  were 
made  with  a  LI-COR  1800  portable  spectroradlometer  fitted  with  an 
Integrating  sphere,  MeaBurements  of  overstory  leaves  were  also  performed  by 
O.C.R.S.  personnel  using  a  Spectron  590  spoctroradlometer . 

The  control  data  for  adaxlal  spectral  reflectance  of  undetstory  sugar 
isaple  {Figure  3)  provide  a  typical  pattern,  with  the  characteristic  green 
"thumbprint"  at  540  na  (i.e.  chlorophyll .  nitrogen  content) .  the 
"chlorophyll  well'  at  680  nm,  and  the  "red  edge  and  shoulder"  at  700-1100  nm 
(i.e.  Indicator  of  stress,  cell  structure  integrity,  water  content).  At 
posit  ions  closer  to  the  spray  nozzles ,  the  amount  of  leachate  intercepted 
and  the  density  of  residue  precipitated  on  the  leaf  surfaces  Increases. 
progressively  altering  the  spectral  reflectance.  The  reduced  reflectance  of 
the  sprayed  leaves  in  the  red  (700-1100  run)  waveband  suggests  a  higher 
absorbance,  possibly  upsetting  the  normal  leaf  energy  balance  and  leading  to 
higher  leaf  temperatures.  Spectral  reflectance  curves  for  underscory 
abaxial  leaf  surfaces  (Figure  4)  are  not  as  drastically  altered  and  the 
decreased  green  reflectance  (540  nm)  Is  Indicative  of  Increased  nitrogen 
and/or  chlorophyll  concent  {Hlnziaan  ££  ftl..  1986;  Shlbayama  and  Aklyama. 
19B6). 

The  two  instruments  used  In  the  spectral  study  of  overstory  leaves 
concurred  well  in  general  reflectance  measurement.  Reflectance  patterns 
generated  by  the  LI-COR  1800  for  leaves  of  control  and  irrigated  trees  In 
July  and  August  are  presented  In  Figure  5.  In  July,  virtually  no 
differences  in  reflectance  could  be  discerned,  but  Blmllar  spectra  from 
August  for  irrigated  trees  demonstrate  a  decreased  reflectance  In  the  540  nm 
range  and  increased  reflectance  In  the  red  range.  The  "blue  shift"  of  the 
red  edge  of  reflectance  that  has  been  reported  elsewhere  (Horler  si  fll-  . 
1983;  Rock  £i  4I.,  1988)  as  being  indicative  of  forest  decline  was  not 
evident  from  overstory  spectral  measurements  during  the  1988  field  season  at 
Huskoka  Lakes.  This  lends  further  support  to  the  assertion  that  over- 
Irrigation  of  leachates  during  abnormally  wet  seasons  (e.g.  1986)  Is  likely 
to  be  the  most  important  factor  contributing  to  the  forest  die-back  observed 
at  this  landfill  site  (McBrlde  fiiai..  19B8). 

3,0  $p^l  Htcrobial  Responses 

Two  plot -scale  Installations  (factorial,  BCB  experimental  design) 
involving  three  irrigation  methods  (spray.  trickle,  subsurface  for 
leachate,  spray  only  for  water)  and  three  application  races  (3.5.  7.0  and 
14 .0  mm»d" ' )  are  operational  at  the  Glanbrook  landfill .  A  third  Is 
situated  at  the  Essex  County  landfill  #2  near  Leamington, 

Figure  6  shows  a  respresentative  sec  of  soil  respiration  data  collected 
from  the  plots  of  the  forested  site  at  the  Clanbrook  landfill  In  1988.  The 
Glanbrook  soils  belong  to  the  Smithvlllo  catena  and  are  comprised  of  about 
551  clay  (dorainancly  clay  mlca/vermlculite.  unbuffered  C.E.C,  52  cmol«kg' ' , 
specific  surface  250  m' "g" ' ) ■  The  application  of  raw  leachate  to  the 
forested  plots  significantly  increased  the  measured  soil  respiration  when 
compared  to  both  che  water  irrigated  plots  and  the  environmental  (rain-fed) 
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Figure  3.    Spectral  reflectance  patterna   for  adaxlal  aurfacea 
of   laachate  irrigated   (variable  intenaity)   and 
unlrtigated  underatory  leaves  of   sugar  maple  at 
Muakoka  Lakes    (Aug.    31,    1988). 


Pigure  4.    Spectral  reflectance  patterna  for  abaxial   aurfaces 
of  leachate  irrigated   (variable  intensity)   and 
unirrlgated  underatory  leavea  of  sugar  maple  at 
Huakoka  takes    (Aug.    31,    1988). 
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Figure  5.    Spectral   reflectance  patterns  for  adaxial  surfaces 
of  overstory  leaves  of  sugar  aaple   trees  situated 
within  and  outside  of   leachate  irrigation  areas  at 
Muskoka  Ukes  (July  6  and  Aug.    16,    1988). 
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Figure    b.    Rates   of    siill    respiration   on  all    treatment   plots   at   the 
forested   irrigation  installation  at  the  Glanbrook 
landfill    (Aug.    31,    1988). 
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control  (P  <  0.0001).  This  analyils  of  veriance  takes  both  the  rate  and 
node  of  irrigation  Into  account.  Soil  respiration  on  plots  receiving 
leachate  by  the  apray  method  was  significantly  lower  when  compared  to  the 
trickle  and  subsurface  leachate  irrigation  plots  (P  <  0,0001) .  For  the 
trickle  and  spray  leachate  treatments,  soil  respiration  tended  to  increase 
with  Che  quantity  of  leachate  applied  while  the  opposing  trend  was  observed 
In  the  subsurface  irrigated  plots .  The  application  of  water  to  Che  plots 
by  spray  irrigation  significantly  decreased  soil  resplraclon  vhen  compared 
CO  Che  environmental  control  (P  <   0.0001), 
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ESTABLISHING  VEGETATION  ON 
EROSION-PRONE  l^^NDFILL  SLOPES  IN  ONTARIO 

Tom  W,  Hildildi^,  Christopher  P.  Hughes 


INTRODUCTION 

Landfills  arc  used  in  Ontario  for  the  disposal  of  waste  maierials.  Sites  can 
accept  wastes  from  municipal,  commercial  and  industrial  sources,  depending  upon 
their  licence  restrictions.  Owned  by  either  public  or  private  operators,  landfills  vary 
in  size  from  less  than  a  hectare  to  over  50  ha.  The  larger  sites  tend  to  be  those  that 
are  closer  to  major  urban  areas. 

Landfills  lalcc  one  of  three  general  forms  in  Ontario:  a  hill  or  mound,  a  filled 
valley,  or  an  excavated  trench,  backfilled  with  waste.  The  mound  may  have 
originated  in  depressions  or  excavations  such  as  abandoned  pits  or  quarries.  Both 
Ihc  mound  and  valley  filling  operations  can  result  in  steep  slopes.  The  backfilled 
trench  generally  results  m  a  flat,  final  grade. 

Intermediate  soil  cover  is  required  on  all  waste  throughout  the  operation. 
Tlic  soil  cover,  upon  site  closure,  is  increased  with  a  cap  material;  generally 
between  0.5  m  and  2  m  of  clay.  A  cover  of  lopsoil,  where  available,  is  overlain  to 
enhance  fmal  landscaping  conditions. 

The  landfill  cap  is  critical  to  the  maintenance  of  an  environmentally  safe  site. 
The  soil  placed  on  the  landfill  and.  particularly,  on  Ihc  side  slopes,  both  while  the 
site  is  still  operating  and  after  closure,  is  prune  to  weathering  forces  which  result  in 
erosion. 

Erosion  not  only  results  in  a  loss  of  soil  but  also  in  potential  damage  to  the 
surface  cap  covering  the  refuse.  That  damage  can  lead  to  several  problems: 

increased  infiltration  of  rain  water  will  accelerate  the  production  of  Icachatc, 
avenues  for  the  movement  of  landfill  gases  and  Icachatc  will  emerge. 
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garbage  will  be  exposed,  resulting  in  an  attraction  for  nuisance  animals  such 

as  gulls, 

aesthetics  will  be  reduced,  and 

there  will  be  additional  costs  for  the  repair  of  the  damaged  cap. 


BACKGROUND 

The  Ontario  Ministry  of  the  Environment  (MOE)  is  concerned  with  the 
problem  of  erosion  on  landfill  sites  but  to-date  the  extent  to  which  the  problem 
occurs  in  Ontario  has  not  been  documented. 

In  1987,  The  MOE  commissioned  a  3-year  research  study,  the  goal  of  which  is 
to  develop  a  practical  approach  to  remediate  erosion  on  landfill  sites  via  proper 
vegetation  management  A  discussion  of  the  study's  main  objectives  and  findings  to- 
datc  is  provided  here. 

The  3  components  of  the  study  are: 

an  overview  of  erosion  of  landfill  sites  in  Ontario, 
idcnlirication  of  the  bcsl  rcvcgctalion  techniques, 
establishment  of  demonstration  plots  ihrou^out  Ontario. 

The  work  undertaken  in  each  of  the  study's  components  is  briefly 
summarized  below,  up  to  and  including  the  second-year  study  progre^ 


APPROACH 

Overview  of  Erosion  on  LandHII  Sites  in  Ontario 

A  questionnaire  was  distributed  to  the  Abatement  Officers  at  22  DisUicI 
offices  of  the  MOE.  As  Iheir  responsibility  lies  with  ihe  enforcement  of  proper 
landfill  management,  ihey  were  contacted  to  provide  a  current  objective  view  on 
landfill  erosion  throughout  Ontario. 
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Each  participant  in  ihc  survey  was  asked  lo  provide: 

a  description  of  their  landfill-related  responsibilities, 

theif  views  on  landfill  erosion  in  their  specific  district,  and 

examples  of  typical  landfills  which  had  the  potential  to  host  revcgetalion 

demonstration  plots. 

Responses  to  Ihc  questionnaire  provided  52  example  landfills.  The  study 
team  screened  this  number,  down  to  24  (4  in  each  of  ihc  6  MOE  Regions)  for  field 
investigations. 

Field  data  documenting  physical  and  biological  characteristics  were  collected 
during  September.  1987  for  each  of  the  24  landfill  sites.  The  physical 
characterization  included:  collection  of  soil  samples,  and  observations  regarding 
soil  type,  depth,  grain  size,  moisture,  temperature  and  compaction.  The  samples 
were  analyzed  for  macro  nutrients.  pH  and  organic  matter.  The  biological 
chiiracterization  included  an  assessment  of  the  vegetative  condition  of  each  site. 
Percent  vegetation  cover,  species  composition  and  vegetation  health  were  evaluated. 
The  presence  of  site  disturbances  including  erosion  were  rated  using  a  relative  scale 
developed  during  the  testing  of  field  techniques. 

Identification  of  the  Best  Rcvegciaiion  Techniques 

The  questionnaire  results  provided  information  about  site  history  and  the 
revcgetation  approach  undertaken.  That,  in  conjunction  with  field  work,  provided 
some  indication  of  what  techniques  were  or  were  not  effective. 

Literature  from  throughout  North  America  was  reviewed.  Successes  and 
failures  were  evaluated.  The  most  appropriate  techniques  for  site  preparation, 
planting  and  maintenance  were  investigated. 

Based  on  the  physical  and  biological  data  collected  during  field  investigation 
of  the  24  landfill  site.  8  sites  were  chosen  for  demonstration  plots  because  of  their 
suitability  for  the  preferred  vegetation  management  techniques  identified  earlier. 
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Seven  plois  were  planted  in  May  and  June.  1988,  the  eighth  being  planted  in 
September  1988.  The  characteristics  of  each  plot  varied  with  respect  to  the 
following  parameters: 

site  preparation  (e.g^  tillage,  fcTtilizalion), 
seeding  techniques  (e.g.,  hydrosecding,  seed  drilling), 
mulching  techniques,  and 
seed  mixes. 

There  were  four  plots  established  in  each  of  the  8  sites,  generally  covering  an 
area  of  between  0.5  and  I  ha.  The  number  and  location  of  plots  were  dictated  by 
the  configuration  of  slopes  available  for  testing. 


FINDINGS 

Overview  of  Erosion  of  Landfill  Sites  in  Ontario 

The  following  summarizes  key  findings  from  the  questionnaire  sent  to  all 
MOE  Dislria  offices. 

there  was  an  86%  response  rate, 

all  those  returned  provided  specific  examples  of  landfills,  on  which  erosion 

was  a  problem  and/or  there  were  areas  suitable  for  (est  plots, 

73%  of  the  respondents  completed  the  general  assessment  portion  of  the 

questionnaire, 

of  those.  56%  reported  landfill  erosion  to  be  a  moderate  concern  and  44% 

reported  it  to  be  a  minor  concern, 

A  variety  of  problems  associated  with  landfill  erosion  were  reported.  The 
exposure  of  buried  refuse  and  increased  remediation  costs  were  cited  most 
frequently.  A  few  districts  reported  decreased  aesthetics,  nuisance  wildlife 
problems,  siltation  of  nearby  streams  and  an  increase  in  complaints  from  the  public. 

'Hie  questionnaire  also  revealed  thai  the  physical  character  of  landfills  vary 
throughout  the  province.  For  example: 
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landfills  are  generally  covered  with  cither  day  or  sand,  but  some  districts 

suggested  :hat  the  cap  was/is  composed  of  whatever  material  is  available  (eg. 

inert  industrial  waste). 

Southern  Ontario  landfills  (south  of  Prc-Cambrian  Shield)  commonly  use 

clay  as  the  cap  material, 

North  of  the  Pre-Cambrian  Shield,  clay  is  much  less  available  and  cap 

materials  arc  usually  sand, 

63%  of  the  respondents  reported  that  rcvegctation  was  cither  sometimes  or 

never  comptcicd  after  landfill  closure 

37%  reported  that  rcvegctation  was  attempted  frequently  or  always.  The 

majority  of  the  rcvegctation  efforts  included  only  grading  and  seeding.  Less 

than  20%  of  the  districu  reported  any  tillage  or  fertilization  prior  to  planting. 

Thirteen  percent  reported  tree  planting  was  also  practiced  on  closed  landfill 

sites. 

A  summary  of  some  field  data  a>llectcd  is  provided  on  Tabic  1.  The  24  sites 
arc  separated  by  MOE  region  and  district.  The  degree  of  erosion  and  vegetative 
cover  entries  are  based  on  a  relative  scale. 

Key  fmdings  are  presented  in  a  scries  of  results-statements, 

88%  of  the  landfill  sites  inspected  revealed  the  presence  of  erosion.  The 

sites  that  did  not,  had  been  closed  for  several  years,  and/or  did  not  have  side 

slopes. 

50%  of  the  landfill  sites  inspected  were  open  and  50%  of  the  landfill  sites 

inspected  were  dosed. 

100%  of  the  active  landllll  sites  displayed  erosion  and  83%  of  the  closed  sites 

displayed  erosion. 

The  nature  of  the  problem  of  erosion  differed  when  open  and  closed  sites 

were  compared.  The  greatest  erosion  occurred  on  active  sites  which  were 

commonly  charaacrized  by  steep,  bare  slopes,  with  scattered  growth  of 

volunteer  or  invading  grasses  and  herbaceous  plants.  Plants  typically 

occurring  included  Ragweed  {Ambrosia  ariemiisifoba).  Chickory  (Cichorym 

inlybus).  Wild  Carrot  ipaucus  cawla)  and  Spotted  Knapweed  {Centaurea 

maculosa). 
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Erosion  on  dosed  slopes  appeared  to  be  prompted  in  some  cases  1^:  landTill 
gas  production  and  resultant  vegetation  mortality,  poor  or  no  vegetation 
establishment  after  closure,  and  icachate  seepage. 

Identification  of  the  Best  Revegetation  Techniques 

Field  results  suggest  thai  grading  and  seeding  alone  are  not  adequate  lo 
etisure  the  complete  revegetation  of  landfill  slopes. 

A  review  of  existing  information  suggests  the  best  techniques  can  be  grouped 
under  three  main  headings: 

site  preparation, 
planting,  and 
maintcnanec. 

Site-PifipaiaUQfl 

One  of  the  main  limiting  factors  in  revegetation  success  is  soil  compaction. 
Surface  compaction  prevents  emerging  seedlings  from  penetrating  and  establishing. 
This  condition  is  particularly  severe  on  sites  capped  with  silt  or  clay  but  without  a 
topsoil  cover.  Shallow  tillage  breaks  up  that  surface  layer  allowing  seedling 
establishment.  Equipment  such  as  the  rotary  tiller  or  spike-tooth  cultivator  are  well 
suited  to  this  work.  To  limit  damage  to  the  integrity  of  the  cap,  tillage  should  be 
restricted  to  the  upper  15  cm  of  soil. 

Topsoil  or  other  materials  high  in  organic  matter  (eg.  sewage  sludge,  wood 
waste,  paper  .Uudge),  can  provide  a  much  improved  growing  medium.  Fertilizer  and 
lime  may  be  required  on  a  site-specific  basis  depending  upon  soil  conditions. 

Planting 

Techniques  for  planting  turf  include  hydrosceding,  broadcasting  and  seed 
drilling.  The  effectiveness  of  each  varies  by  site  condition.  Hydrosceding  for 
example  is  particularly  suited  lo  very  steep  slopes  where  access  by  tractor  is  limited. 
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The  material  selected  for  planting  is  important.  This  study  focused  on  the 
cslablishmcnl  of  a  dcnf^c,  sh;il  lowly- tooted  turf  which  would  limit  infiltration, 
thereby  reducing  the  potential  for  damage  to  the  landfill  cap.  Species  selected  for 
plantmg  included:  Smooth  Bromcgrass  (Bwmus  inemiis),  Rcdtop  (Agmsii^ 
giganiea).  While  Clover  (Thftilium  repens)  and  Timothy  {Phleum  pratense). 

Maintenance 

The  vegetation  systems  identified  in  this  program  were  aimed  at  providing  a 
low  maintenance  landscape.  Mowing  in  highly  visible  areas  and  periodic  fertilizing 
were  Ihc  two  main  needs  identified. 


SUMMARY 

Erosion  is  a  problem  on  both  open  and  closed  landfills  in  Ontario.  Along 
with  conditions  of  compaction  and  low  fertility,  surfaces  of  landfills  often  have 
special  problems;  the  production  of  gases  and  Icachatc.  Adequate  revcgctation  is 
part  of  the  answer  to  reducing  the  erosion  problem.  The  technology  exists  to 
improve  on  rcvcgclalion  success  in  the  province.  The  communication  and 
implementation  of  that  technology  is  important.  Current  guidelines  do  not  provide 
specific  advice  for  fmal  landscaping.  Tollow-up  inspections  by  the  OMOE  should  be 
continued  beyond  a  2  -  5  year  horizon.  A  long  term  program  should  be  instituted  to 
ensure  landfill  cap  integrity. 

The  end  product  of  this  3  year  investigation,  a  landfill  rcvegetatJon  manual, 
will  be  of  assistance  m  communicating  that  technolo^. 
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Introduction 

Numerous  landfills  and  Industrial  activities  In  North  America  are 
situated  such  that  chemicals  emanating  from  these  facilities  are 
contaminating  groundwater  in  underlying  bedrock.  In  particular,  this 
is  the  case  for  sites  In  southern  Ontario  and  the  Niagara  Peninsula 
where  the  underlying  materials  consist  of  a  th1n  veneer  of  overburden 
overtop  moderately  to  highly  fractured  shale  of  the  Ordovlcian 
Oueenston  Formation  or  the  Cambrian  Georgian  Bay  Formation.  Because 
contaminant  migration  along  fracture  planes  w1th1n  the  shale  can  be 
very  rapid  relative  to  unconsolidated  media,  accurate  prediction  of 
the  direction,  velocity  and  dilution  of  the  contamination  is 
especially  important  with  regard  to  public  health  and  safety. 

Groundwater  velocity  predictions  are  usual ly  based  on  direct 
hydra ul 1c  measurements  of  the  permeabll  Ity  of  fractures  which  1s 
expressed    as    an    equivalent    single    fracture    aperture,    2b.  Average 

groundwater  velocity,   v,    Is  then  estimated  from  the  expression: 

"       i2ii       di  l*> 

where  p.  g  and  \i  are  the  density,  gravitational  acceleration  and 
dynamic  viscosity  of  the  water,  respectively.  The  hydraulic  gradient, 
dh/dl,    is   usually  determined   from  water   level   measurenents   in  plezo- 
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meters  or  more  correctly  from  mum-level  casing  strings  which  tsoldtc 
individual  fractures  and  fracture  zones. 

Equation  (I)  Is  derived  from  a  conceptual  model  known  as  the 
cubic  law  In  which  water  flow  Is  between  two  smooth  parallel  plates 
separated  by  the  width,  2b.  Inspection  of  natural  fractures  In 
outcrop  and  core  sample  show  that  fracture  surfaces  are  distinctly 
non-uniform  and  are  characterized  by  «  variety  of  aperture  widths, 
regions  where  asperities  contact  and  channels  of  reduced  or  enhanced 
opening.  Consequently,  the  relationship  between  the  2b  obtained  from 
the  results  of  hydraulic  tests  Interpreted  using  the  cubic  law  and  the 
average  mechanical  or  true  aperature  Is  unclear.  This  Is  evidenced  by 
comparing  the  groundwater  velocity  predicted  from  apertures  obtained 
from  hydraulic  measurement  to  that  obtained  from  tracer  experiments 
which  show  that  hydraul leal ly  measured  apertures  {hereafter  cal led 
hydraulic  apertures)  overestimate  groundwater  velocity  In  most  cases 
(Novakowskl  et  aj..,    1985;  Raven  et  al-,    1968). 

The  objective  of  this  study  is  to  Investigate  the  relation 
between  fracture  apertures  determined  from  hydraulic  methods  versus 
those  determined  using  tracer  experiments  with  the  Intent  to  resolve 
the  role  of  the  rough  and  heterogeneous  character  of  natural 
fractures.  This  goal  Is  addressed  with  a  field  study  focussing  on  a 
single-flat  lying  fracture  Intersected  by  four  boreholes  of  a  seven 
borehole  grid  at  a  depth  of  about  10  m.  Host  connon  transient  and 
steady-state  single-well  and  multiple-well  hydraul 1c  tests  were 
employed  to  determine  the  hydraulic  aperture.  The  tracer  apertures 
were  determined  from  seven  tracer  experiments  conducted  using  both 
injection-withdrawal  and  radial-convergent  flow  fields  configurations. 

Field  Method 

During  the  period  of  1985  and  1986,  a  field  site  was  chosen  at 
which  preliminary  hydraulic  tests  revealed  the  presence  of  two  largely 
unconnected  flat-lying  fractures  at  depths  of  9.7  and  10.4  m  below 
ground  surface.  The  study  site  is  located  in  Clarkson,  Ontario  on 
unused  Petro-Canada  property  about  1.5  km  north  of  the  Lake  Ontario 
shoreline.        The     fractures     are     In     the    Meaford-Dundas     shale    which 
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sub-crops  in  the  Oakvllle-MlssUsauga  are*  of  southern  Ontario  and 
strikes  North-Northwest. 

The  Initial  location  of  the  fracture  set  and  the  subsequent 
characterization  of  the  apertures  and  boundaries  were  carried  out  over 
1986  and  1987.  During  1986,  a  prel Imlnary  drilling  program  was 
conducted  In  which  five  76  fim  boreholes  were  drilled  15  m  apart  In  two 
perpendicular  rows  of  three  (Figure  1).  Ejcajnination  of  the  core  and 
preliminary  constant-head  test  results  sfiowed  four  main  fracture  zones 
with  the  shallowest  set  at  9.5  m  to  10.5  m  exhibiting  the  highest 
permeability.  Subsequent  field  work  during  1987  focused  on  this  set 
and  two  new  boreho! es .  UH6  and  UW7  were  dri  1  led  during  m1d- sunnier 
solely  to  investigate  this  zone.  After  completion  of  the  drilling, 
the  precise  location  of  each  of  the  two  fractures  In  all  seven  bore- 
holes was  determined  using  constant-head  tests  with  a  0.1  m  interval 
spacing. 

On  the  basis  of  the  constant-head  test  results,  the  upper  frac- 
ture has  a  mean  aperture  width  of  about  12D  \ira  (this  is  equal  to  an 
hydraulic  conductivity  of  1  x  10"^  m/s)  and  the  lower  fracture  has  a 
mean  aperture  of  about  ZOO  ym  (hydraulic  conductivity  of 
5  X  10"^  m/s).  Figure  1  shows  the  approximate  extent  of  each  fracture 
within  the  study  site.  Tne  boundaries  indicated  on  Figure  1  are  arbi- 
trary and  are  drawn  only  to  show  Interconnection  between  boreholes. 
For  exarrple,  fracture  no.  1,  the  upper  fracture,  hydraullcally 
connects  UW3.  UW6  and  UW7  but  is  not  well  connected  to  UWl.  UW2,  UW4 
and  UW5.  On  the  basis  of  the  larger  aperture  identified  for  the  lower 
fracture,  it  was  selected  for  the  purpose  of  this  study  and  all 
further  hydraulic  and  tracer  tests  described  in  the  fol lowing  text 
were  conducted  in  this  fracture.  Preliminary  estimates  of  hydraulic 
head  in  the  lower  fracture  indicate  groundwater  flow  oriented  towards 
the  northeast  with  a  gradient  of  0.01. 

In  addition  to  constant-head  tests,  slug  tests  and  steady-state 
and  transient  pumping  tests  were  also  conducted.  The  slug  tests  were 
carried  out  using  a  straddle-packer  arrangement  attached  to  a  1.5" 
I.D.  standptpe  in  which  the  instantaneously  Induced  rise  or  fall  of 
water  level  was  monitored  using  a  pressure  transducer.  Slug  tests 
were   conducted   In  all    boreholes   except   UW6.      The  pumping  tests  were 
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FIELD  SnJPy  SITE 
Ordovician  Shale 


■  Nal  -  9.7  mbgs 
■|Na2-10.4  mbgs 

Aoefttfgs: 

Na  1     >    75  urn 

Na  2    >  t75  urn 


Figure  1.  Approximate  boundaries  of  the  two  fractures  Intersected  by 
boreholes  at  the  study  sitt.  Fracture  no.  1  interconnects 
boreholes  UW3,  UU6  and  UW7.  Fracture  no.  2  Interconnects 
UWl,  UW2,  UU4,  and  UW5. 
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conducted  also  using  a  straddle  packer  arranganent  except  in  this  case 
the  test  fracture  was  completely  Isolated.  Abstraction  of  water  was 
carried  out  by  pumping  from  surface  through  11"  nylon  tubtng.  Drawdown 
in  the  observation  Intervals  also  Isolated  by  packers  was  monitored 
using  pressure  transducers.  Pumping  tests  were  conducted  In  UW5  and 
UW2  wUh  observation  1n  UUl ,   UW2  and  UW4. 

Two  methods  for  induced-gradient  tracer  experiments  were  employed 
to  compare  to  the  results  of  the  hydraulic  tests;  the  injection- 
withdrawal  method  and  the  radial-convergent  method.  The  Injection- 
withdrawal  tracer  experiments  were  conducted  by  injectirg  water  into 
one  borehole  and  withdrawing  water  from  another  at  the  same  flowrate. 
Sodium  bromide  tracer  was  introduced  as  a  slug  into  the  Injection 
borehole  once  the  flow  field  had  achieved  steady- state  conditions. 
Tracer  arrival  at  the  withdrawal  borehole  was  continuously  monitored 
using  a  flow-cell  arrangement  and  tracer  concentration  was  measured  1n 
discrete  samples  of  the  withdrawn  water.  The  fracture  was  isolated  in 
both  the  injection  and  withdrawal  boreholes  using  straddle  packer 
arrangements.  Injection     and     withdrawal      flowrates     and     interwell 

hydraulic  gradients  were  monitored  on  a  continuing  basis  through  the 
duration  of  each  experiment.  The  radial -convergent  tracer  experiments 
were  conducted  In  a  similar  manner  except  that  continuous  Injection  of 
water  was  not  employed.  A  steady  radial  flow  field  was  established 
around  a  borehole  by  punning  and  tracer  was  introduced  into  the  flow 
field  from  an  observation  borehole  by  pulse  injection.  Both  tracer 
methods  were  en^loyed  for  tests  conducted  between  UWl  and  UW2  and  UW4 
and  UW2.  with  UW2  as  the  withdrawal  borehole  in  all  cases.  The 
injectlcn-wlthdrawal  method  only  was  employed  for  experiments 
conducted  between  U\i2  and  UW5,  UW5  and  UW4  and  UW7  and  UW3. 
Novakowski  (1988)  provides  a  more  detailed  description  of  the  field 
methods  employed  for  this  study. 

Results  and  Discussion 

The  constant-head  hydraulic  tests  were  analysed  using  the  Thlem 
equation  where  the  steady  flow  rate,  Q,  divided  by  the  rise  in 
hydraulic  head,  fiH,   is  proportional    to  transmlsslvity,  T: 
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Q_  ,  LJLI (21 

AH       m   (r^/r^)  ^Z) 

where  r^  Is  the  radius  of  Influence  (estimated  at  approximately  10  m 
for  these  tests)  and  r„  Is  the  radius  of  the  well.  Fracture 
aperture  Is  then  calculated  from  the  transjnisslvlty  using: 

2b  -   {if  T)''3  ^3j 

Both  the  slug  tests  and  transient  punplng  tests  were  analysed 
using  type  curve  methods  to  obtain  transmisslvlty.  The  steady-state 
pumping  tests  were  analysed  using  equation  (Z)  where  the  radial 
distance  between  the  purr^ilng  and  observation  boreholes  Is  substituted 
for  rg  and  AH  Is  the  difference  in  hydraulic  head  between  the  two 
wells. 

The  tracers  experiments  were  analysed  for  fracture  aperture  by 
using  analytical  approximations  to  describe  the  streaml1ne(s]  between 
the  Injection  and  pumping  borehole  and  solving  the  advectlon-dlsper- 
slon  equation  along  each  streamHne.  The  analytical  approximations 
for  the  stream!  Ines  are  based  on  the  average  travel  time  for  the 
tracer  and  the  interwell  difference  in  hydraulic  head.  The  aperture 
ts  determined  by  a  trial  and  error  procedure,  varying  the  2b  to 
determine  the  location  of  the  model  peak. 

Table  1  shows  the  results  of  the  hydraulic  tests  and  tracer 
experiments  expressed  as  fracture  aperture  In  mlcrorreters  along  with 
the  borehole  interval  Isolated  for  each  test.  In  general,  distinction 
between  the  results  of  transient  and  steady-state  hydraulic  tests  is 
Irrmedlately  dear.  The  results  of  the  transient  hydraulic  tests  show 
consistently  larger  fracture  apertures  than  those  of  the  steady-state 
tests.  This  Is  a  function  of  the  radius  of  test  influence  and  knowing 
that  steady-state  test  results  more  likely  reflect  the  properties  of 
the  fracture  nearest  the  source  borehole,  the  apertures  determined 
from  the  transient  tests  probably  reflect  regions  of  the  study 
fracture  that  have  a  slightly  larger  aperture  and  that  are  beyond  the 
lateral  extent  of  the  study  site. 
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Or  the  basis  of  the  relative  uniformity  of  the  apertures  deter- 
mined from  the  transient  hydrauHc  tests  conducted  In  borehole  UH2 
(the  central  borehole  of  the  study  site)  there  Is  no  evidence  to 
sugQest  non-radlol  flow  effects  which  might  indicate  the  presence  of 
channeled  flow.  This  suggests  that  the  points  of  closure  currently 
Identified  by  boreholes  UW3,  UW6  and  UM7  are  relatively  small  In  area 
ana  the  boundaries  to  the  fracture  plane  as  drawn  In  Figure  1  are 
probably  Inappropriate. 

Comparing  the  fracture  apertures  determined  from  the  hydraulic 
tests  to  those  from  the  tracer  experiments.  It  Is  evident  that  the 
tracer  apertures  are  consistently  smaller  by  up  to  50%.  This  observa- 
tion is  In  agreement  with  the  results  of  other  field  experiments 
reviewed  in  Raven  et  al.  (1988).  These  results  are  significant  with 
respect  to  predicting  groundwater  velocity  In  fractures  because 
velocity  is  proportional  to  the  square  of  the  fracture  aperture. 
Therefore,  an  aperture  difference  of  a  factor  of  2,  for  exatHJ'e. 
translates  Into  a  four-fold  difference  In  velocity. 

An  explanation  as  to  why  tracer  apertures  are  always  smaller  than 
hydraulic  apertures  can  be  found  based  on  the  solute  transit  path 
length.  Because  we  have  established  that  natural  fractures  are  rough 
and  undulating,  and  we  know  that  the  fracture  walls  are  In  some  degree 
of  contact  as  evidenced  by  closure  in  UW3,  UW6  and  UW7,  then  the  path 
travelled  by  the  tracer  In  transit  from  the  Injection  borehole  to  the 
pumping  borehole  may  be  very  tortuous  as  the  flow  negotiates  around 
the  points  of  closure  and  areas  of  reduced  opening. 

To  Investigate  this  explanation,  the  tracer  experiments  between 
UWl  and  UW2  and  UW4  and  UH2  were  simulated  by  fixing  the  Zb  to  the 
size  of  the  steady-state  hydraulic  aperture  and  modeling  for  the  path 
length.  Table  2  shows  the  modeled  path  lengths  and  values  of 
tortuosity  which  are  calculated  by  dividing  the  modeled  path  length 
Into  the  actual    Interwell   distance. 
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Table  1. 


Aperture  widths  (In  i*n)  as  determined  from  slug  test, 
constant  head  test,  tracer  test  and  pimping  test  results. 


Borehole 

Aperture 

Interval 

(im) 

(mbgs) 

Sluq  Tests 

UUl 

210 

10.10  - 

10.92 

uuz 

267 

10.16  - 

10.98 

UW3 

147 

9.40  - 

10.22 

lAH 

226 

10.21  - 

11.03 

UW5 

180 

10.20  - 

11.02 

UW6 

- 

UH7 

140 

9.90  - 

10.52 

Constant  Head  Tests 

UUl 

229 

9.90  ' 

10.72 

UH2 

236 

9.96  - 

10.78 

UH3 

135 

9.10  - 

9.92 

UW4 

186 

10.21  - 

11.03 

UUS 

164 

9.80  - 

10.62 

UW6 

80 

9.60  - 

10.42 

UW7 

120 

9.30  - 

10.12 

Tracer  Tests 

UWl-UWZ(I) 

160 

10.10  - 

10.92 

10.00  - 

10.49 

UW1-.UW2(P) 

132 

10.10  - 

10.92 

10.00  - 

10.49 

UW2-UW5(I) 

192 

10.00  - 

10.49 

10.00  - 

10.90 

UW4-.UW2(1) 

155 

10.20  - 

11.02 

10.00  - 

11.49 

UH4-UW2(P) 

151 

10.20  - 

11.02 

10.00  - 

10.49 

UH5-UW4(I) 

164 

10.40  - 

10.89 

10.20  - 

11.02 

UW7-'UW3(I) 

151 

9.50  - 

9.99 

9.40  - 

10.22 

Pumolno  Tests 

UW5--UW2(T) 

184 

9.80  - 

11.02 

10.10  - 

10.95 

UWS-'UWHT) 

179 

9.80  - 

11.02 

10.10  - 

10.95 

UW2-UW4(S) 

211 

10.00  - 

10.49 

10.10  - 

10.92 

UW2-UWI(S) 

215 

10.00  - 

10.49 

10.20  - 

11.02 

UW2-UWUT) 

254 

10.00  - 

10.49 

10.10  - 

10.92 

UW2-H)W4(T) 

228 

10.00  - 

10.49 

10.10  - 

10.92 

T  -  transient 

S  -  steady  state 

I  -  Injection-withdrawal   flow  field 

P  -  radial-convergent  flow  field 
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Table  2.       Modeled  path  lengths  and  tortuosity  determined  from  the 
tracer  eKperlments. 

Path  Length  (m)            Tortuouslty 

UWl  to  UW2(I)  19.0  0.79 

UWl  to  UW2(P)  23.0  0.65 

UU4  to  UW2(I)  Z0.8  0.73 

UW4  to  LJW2(P)  20.8  0.73 


The  range  of  tortuosity  Is  from  0.65  to  0.79  which  Is  quite  wide 
although  not  unrealistic  In  terms  of  the  average  angularity  of  flow 
(the  vectoral  direction  of  flow  not  directly  towards  the  withdrawal 
well).  Tortuosity  of  0.65  gWes  an  angularity  of  flow  of  50°  while 
0.79  gives  about  38*.  The  angle  of  flow  In  porous  media  Is  about 
45°.  Considering  the  conplex  possibility  of  pathways  dependent  on  the 
aperture  distribution,  these  values  of  tortuosity  are  probably 
reasonable. 

On  the  basis  of  the  results  presented  here  and  on  other  recent 
field  evidence  (Raven  et  al.,  196S),  It  Is  apparent  that  using  the 
cubic  law  to  Interpret  the  results  of  hydraulic  tests  will  lead  to 
erroneous  predictions  of  groundwater  velocity.  Therefore  a  new 
conceptual  model  Is  urgently  required  with  which  the  results  of 
hydraulic  tests  can  be  utilized  to  predict  velocity  without  relying  on 
comparison  to  more  costly  and  time  consuming  tracer  experiments.  On 
the  basis  of  the  preliminary  modeling  conducted  for  this  study.  It  Is 
1  Ikely  that  such  a  conceptual  model  will  depend  on  the  role  of 
tortuouslty  during  solute  transport  in  natural  fractures. 

Sunmary 

Comparisons  of  fracture  aperture  widths  detennined  from  the 
results  of  hydraulic  tests  and  tracer  experiments  were  made. 
Constant- head,  slug,  steady-state  and  transient  pumping  tests  were 
employed  to  determine  the  fracture  aperture,  hydraulically.  The 
tracer     experiments     were     carried     out     in     radial -convergent     and 
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injection-withdrawal  flow  field  fomats.  The  tests  were  conducted  ln 
a  discrete  flat-lying  fracture  In  OnJovlclan  aged  shale  at  a  depth  of 
approximately  10  m. 

The  results  show  that  apertures  determined  from  tracer 
experiments  are  consistently  smaller  than  those  obtained  from 
hydraulic  tests.  The  reason  for  this  discrepancy  Is  probably  due  to 
the  Influence  of  tortuous  flow  around  reduced  apertures  and  points  of 
closure  in  the  fracture  plane.  The  development  of  a  new  conceptual 
model  which  can  more  accurately  relate  the  results  of  hydraulic  tests 
to  a  prediction  of  groundwater  velocity.  Is  required  to  reconcile 
these  differences. 
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Waterloo,  Ontario 
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jn  situ  methods  for  treatment  of  waste  sludges  hold  great  promise  for  cost-effective, 
efficient  remediation  ol  sludge  at  waste  disposal  sites.  An  example  of  such  a  treatment 
scheme  is  the  landfarming  of  petroleum-industry  sludges,  where  the  biodegradation  and 
volatilization  of  organics  and  immobilization  of  many  metals  is  enhanced.  Whereas  this 
treatment  is  successful  for  certain  contaminants,  it  is  ineffective  for  others.  For  sludges 
containing  a  broad  spectrum  of  toxic  organics  and  metals,  no  single  remediation  scheme 
is  likely  to  be  satisfactory. 

The  remediation  of  the  diverse  and  complex  sludges  from  the  O.E.  MacDougall  Waste 
Disposal  Site,  near  Brockville,  Ontario,  by  current  conventional  techniques  would  be  very 
costiy.  Natural  bioremediation  techniques  were  tested  in  the  laboratory,  using  six 
representative  soils  and  sludges  obtained  from  the  MacDougall  site.  These  techniques 
require  a  minimal  amount  of  sludge  manipulation,  so  their  use  at  the  site  is  viewed  as  a 
cost-effective  method  of  site  cleanup. 

Liquid  industrial  wastes  (including  solvents  and  waste  oils),  sewage  sludge  and  septic  tank 
wastes  were  disposed  of  in  waste  lagoons  at  the  MacDougall  site  from  l'J62  to  1981,  In 
October  1987,  six  samples  of  soil  and  sludge  were  collected  for  characterization  of  the 
organic  chemistry  of  the  materials.  Three  of  the  samples  were  brown  sandy  soil  and 
three  were  black  sludge  with  a  strong  sewage  odour.  No  volatile  organics  were  identified 
in  two  of  the  sandy  soils.  The  remaining  four  samples  were  found  to  contain  varying 
concentrations  of  aliphatic  and  aromatic  hydrocarbons  typical  of  petroleum  products  and 
chlorinated  hydrocarbons  typical  of  solvents. 

In  situ  bioremedition  is  dependent  upon  the  number  and  type  of  microorganisms  present 
within  the  sludge  or  soil.  Standard  plate  counts  and  culture  tube  techniques  were 
performed  to  estimate  the  number  of  aerobic,  anaerobic  {denitrifiers,  sulphate -reducers 
and  methanogenic)  and  sulphate-reducing  bacteria  present  in  each  material  type.  All 
sludge  and  soil  samples  contained  viable  bacteria  of  the  three  kinds  tested  lor. 
Typically,  aerobic  bacteria  were  the  most  abundant,  while  the  sulphate- reducers  were 
the  least  abundant.  Anaerobic  bacteria  were  more  abundant  in  the  more  contaminated 
sludges  than  in  the  cleaner  soils. 

The  diverse  organic  chemistry  and  nature  of  the  microbial  population  allowed  the  testing 
of  a  number  of  remedial  environments  in  the  laboratory.  Bioremediation  experiments 
employed  sealed  glass  bottles  containing  soil  or  sludge  and  distilled  water.  Various 
chemical  additions  were  made  to  selected  bottles  to  establish  aerobic,  methane- 
oxidizing,  denitrifying,  sulphate-reducing  or  methanogenic  conditions  within  the  bottles. 
At  various  times,  duplicate  bottles  were  analyzed  for  target  aromatics  (benzene,  toluene, 
xylenes,  trimethylbenzene,  cumene,  naphthalene)  and  chlorinated  hydrocarbon 
(telrachloroethene,  trichloroethene)  concentrations. 
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Experimtnt  I  examined  the  loss  of  target  compounds  under  aerobic  and  methane- 
oxidizing  conditions.  The  concentrations  of  aromatics  decreased  over  l«7  days,  with 
toluene  showing  the  most  significant  concentration  decrease.  Tetrachlorocthene  and 
trichtoroethene  concentrations  did  not  decrease  with  time.  Oxygen  concentrations 
decreased  and  carbon  dioxide  concentrations  increased  simulUneously  over  time. 
Methane  concentrations  showed  no  decrease,  indicating  that  the  methane-^>xidizers  were 
not  measurably  active.  The  aromatic  losses  are  believed  to  be  the  result  of  aerobic 
biodegradation. 

Experiment  2  was  conducted  to  investigate  ilie  bioremediation  of  the  sludges  and  soils 
under  various  anaerobic  conditions.  Three  sludges  and  one  soil  were  incubated  under 
denitrifying,  sulphate-reducing  or  methanogenic  conditions.  The  most  contaminated 
sludge  showed  a  decrease  In  tetrachloroethene  and  trichlorocthene  concentrations  from 
about  600  ug/g  to  less  than  1  ug/g  in  12  days.  This  decrease  was  accompanied  by  an 
increase  in  cis-l,2-dichloroethene,  indicating  a  reductive  dechlorination  breakdown 
mechanism.  Some  sludges  show  decreases  In  the  aromatic  content.  Decreases  are  most 
apparent  in  toluene  concentrations,  but  trimethylbenzene  and  naphthalene  concentrations 
also  decreased  somewhat  over  time.  Aromatic  decreases  are  most  significant  In 
microcosms  amended  with  nitrate  or  sulphate. 

In  summary,  the  aromatic  hydrocarbons  are  most  easily  broken  down  under  aerobic 
conditions,  but  may  also  be  degraded  anaerobically  upon  the  addition  of  nitrate  and/or 
sulphate.  Tetrachloroethene  and  trichioroethene  seem  to  be  easily  broken  down  to 
dichloroethene  under  anaerobic  conditions;  however,  dichloroethene  seems  to  accumulate 
with  time.  These  results  are  promising,  since  they  suggest  that  the  natural  degradative 
processes,  perhaps  acting  in  sequence  and  with  some  stimulation,  may  provide  significant 
remediation  of  the  sludges  at  the  MacDougall  site. 
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A  three  year  research  study  was  undertaken  in  April  1987  to  evaluate  the  persistence 
of  selected  organic  compounds  in  ihe  shallow,  anaerobic  leachate  plume  occurring 
in  sands  adjacent  to  a  municipal  landfill  site  in  North  Bay,  Ontario.  Research  to 
date  has  focused  on  developing  and  evaluating  methods  for  the  enhanced  in  s\lu 
bioremediation  of  selected  aromatic  hydrocart>ons  (benzene,  toluene,  ethylbenzene, 
xylenes,  chlorobenzene,  trimethylbenzene  and  naphthalene)  and  chlorinated 
aliphatic  compounds  (carbon  tetrachloride,  trichloroethane,  and 
tetrachloroethylene).  In  previous  studies  of  organics  in  landfill  leachate  plumes, 
these  compounds  were  among  the  most  common  contaminants. 

Tile  approach  of  this  study  has  been  to  investigate  the  natural  persistence  of  the 
target  compounds  by  evaluating  their  distribution  in  the  landfill  leachate  plume, 
and  by  conducting  controlled  experiments  simulating  the  actual  field  conditions  as 
closely  .IS  possible.  To  date,  laboratory  microcosm  experiments,  in  sHu 
biodegradation  columns,  and  natural  gradient  injection  experiments  have  been 
attempted,  and  represent  increasing  degrees  of  realism  and  complexity. 


[Laboratory  Microcosm  Experiments" 


These  experiments  investigated  the  enhanced  biodegradation  of  aromatic  and 

chlorinated  aliphatic  compounds  in  aquifer  material  from  the  North  Bay  landfill 
site.  Active  microcosms  were  amended  with  remediating  solutions  of  alternate 
electron  acceptors  (peroxide  and  nitrate)  and  primary  substrates  (glucose  and  acetate) 
to  enhance  natural  biodegradation  processes.  Attenuation  of  organic  compounds  in 
remediated  microcosms  was  compared  to  unremediated  and  sterile  controls  to 
assess  the  effectiveness  of  the  remedial  method. 

Minor  losses  of  the  target  compounds  in  sterile  microcosms  was  attributed  to 
sorption  and  diffusion.  Additional  mass  losses  in  control  microcosms  were 
attributed  to  natural  biodegradation  processes.  Rapid  attenualion  of  carbon 
tetrachloride  and  accumulation  of  chloroform  in  unremediated  microcosms  was 
attributed  to  reductive  dechlorination  by  anaerobic  bacteria.   The  prasence  of  nitrate 
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appeared  to  inhibit  this  process.  Denitriiication  of  non-specific  organic  carbon  was 
observed  in  nitrate-remediated  microcosms,  but  none  of  the  target  aromatic 
hydrocarbons  attenuated  significantly.  Glucose  substrate  addition  was  successful  in 
increasing  the  denitrifying  biomass.  Significantly  greater  degrees  of  attenuation 
were  observed  in  peroxide  remediated  microcosms,  compared  to  unamended  and 
nitrate-remediated  microcosms  (figure  1).  Acetate-remediated  microcosms  showed 
no  significant  mass  losses  of  the  target  compounds.  The  presence  of  denitrifying, 
sulphate- reducing,  and  methanogenic  cultures  in  the  microcosms  was  confirmed  by 
additional  tests. 

Figure  1:  Effect  of  Peroxide  Addition  on  Toluene  Biodegradatlon 
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The  results  indicate  that  enhanced  biodegradatlon  of  the  target  compounds  is 
possible  in  the  North  Bay  aquifer.  Natural,  unamended  biodegradatlon  of  some 
compounds  does  occur  in  the  North  Bay  aquifer,  at  much  slower  rates. 

\!n  situ  Biodegradation  Column  Experiments  I 

In  situ  biodegradation  columns  permit  the  investigation  of  enhanced 
biodegradation  of  organic  compounds  in  a  realistic  field  situation,  while  still 
maintaining  the  precise  control  of  a  laboratory  experiment.  The  columns  were 
pounded  into  the  aquifer  below  the  water  table,  and  approximately  four  pore 
volumes  of  leachate  was  pumped  out  of  the  columns,  spiked  with  a  conservative 
tracer,  organic  compounds  and  remediating  solutions,  and  then  pumped  back  into 
the  column.  Periodic  sampling  of  the  pore  water  in  the  column  allowed  precise 
monitoring  of  the  biodegradation  processes  at  work  in  the  aquifer. 
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Nine  separate  in  situ  biodegradation  columns  were  installed  at  the  North  Bay  site, 
which  investigated  both  unremediated  and  remediated  rates  of  biodegradation  of 
twelve  target  compounds.  Experiments  conducted  to  date  have  investigated 
denitrifying,  sulphate-reducing  and  methanogenic  bacteria.  The  sulphate-reducing 
bacteria  were  capable  of  significant  biotransformations  of  toluene  and  m-xylene 
compared  to  unremediated  rates  observed  in  microcosm  experiments.  Typical 
results  are  shown  in  figure  2.  All  of  the  target  compounds,  except  carbon 
tetrachloride,  were  persistent  in  the  nitrate-remediated  columns.  These  results 
complement  the  findings  from  the  laboratory  microcosm  experiments  and  represent 
a  more  realistic  view  of  the  biodegradation  processes  active  in  the  North  Bay 
aquifer. 

Figure  2:  Toluene  and  m-Xylene  Biodegradation  in  Sulphate-Remediated  Columns 


[Natural  Gradient  Injection  Experiments I 

Natural  gradient  injection  experiments  represent  the  most  realistic  simulation  of 
ihe  fate  of  organic  compounds  under  natural  conditions.  This  is  accomplished  by 
introducing  a  large  slug  of  water  into  the  aquifer,  spiked  with  a  conservative  tracer 
and  organics  of  interest,  and  allowing  the  slug  to  migrate  at  the  groundwater 
velocity. 

Field  work  was  undertaken  at  the  North  Bay  site  during  the  summer  and  fall  of  1987 
with  the  objective  of  performing  a  large  scale  conservative  tracer  injection  test  to 
establish  the  hydraulic  aspects  of  the  experimental  site  prior  to  conducting  in  situ 
biodegradation  experiments-    An  initial  sampling  grid  of  63  multilevel  piezometers 
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was  installed  at  a  grid  spacing  of  1  m  and  covered  an  area  of  approximately  8  m  by 
8  m.  This  network  was  subsequently  expanded  by  the  installation  of  two  fences  of 
muttilevel  piezometers  24  m  and  36  m  from  the  injection  site. 

Approximately  4800  L  of  city  water  containing  200  mg/L  sodium  bromide  was 
injected  over  a  12  hour  period  in  August  1987.  Conductivity  measurements  the 
following  day  failed  to  indicate  the  presence  of  the  plume.  Samples  collected  from 
the  piezometer  network  were  analyzed  for  bromide,  chloride  and  background 
aromatic  hydrocarbon  concentrations.  None  of  the  samples  showed  any  evidence  of 
the  bromide-spiked  plume. 

Given  the  puzzling  results  of  the  large-scale  Injection,  we  concluded  that  the  flow 
system  in  the  vicinity  of  the  injection  was  not  as  foreseen  based  on  previous  work  at 
the  site.  To  improve  our  understanding  of  the  very  local  flow  system,  we  conducted 
a  freshwater  injection  experiment  supplemented  by  an  extensive  aquifer  coring  and 

water  table  mapping  program. 

Coring  in  the  area  of  the  piezometer  network  revealed  that  the  aquifer  was  much 
more  heterogeneous  than  previously  expected,  with  individual  layers  ranging  from 
coarse  sand  to  fine  silt.  Continuous  monitoring  during  a  nine  hour  injection  ftf 
3600  L  of  fresh  water  showed  development  of  a  3  m  by  3  m  plume  which  migrated  at 
approximately  1  m/day.  Once  developed,  this  plume  showed  evidence  of  vertically 
separating  into  distinct  layers,  due  to  hydraulic  conductivity  contrasts  in  the  aquifer. 

The  extremely  heterogeneous  nature  of  the  North  Bay  aquifer,  and  the  fast 
groundwater  velocities  preclude  the  possibility  of  monitoring  the  mass  balance  of  a 
large-scale  injection  experiment.  Our  efforts  will  now  concentrate  on  introducing  a 
continuous  plume  over  an  extended  period,  while  monitoring  the  plume  at  several 
locations  downgradient.  This  approach  will  focus  on  the  biodegradation  capabilities 
of  the  indigenous  bacteria  rather  than  the  potentially  complicated  aspects  of 
groundwater  transport 

In  summary,  the  research  undertaken  at  the  North  Bay  landfill  site  combines 
laboratory  and  field  experiments  of  increasing  complexity  and  realism  to  study  the 
potential  for  enhanced  in  situ  biodegradation  of  aromatic  and  chlorinated  aliphatic 
compounds.  The  results  to  date  demonstrate  that  this  technique  is  a  potentially 
viable  alternative  for  remediating  anaerobic,  leachate-impacted  aquifers. 
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Waste  Hanaaeaent  Planning  t<n  pharmaceutical  InduBtrv.  R.  Mahhija  and  R.*. 
Stalrsj    Depaitnent   oE  Chemlatiy,    Trent  University,    Petcrbotough,    OH     K9J  7B8. 

A  study  of  waste  management  practice  In  the  pharmaceutical  Industry,  began 
by  the  Hinlstry  o£  the  Environment,  has  been  continued  by  us,  beginning  late  In 
1985.  A  questionnaire  was  sent  to  70  addresses.  After  follow-up,  35  usable 
replies  were  received,  the  results  of  which  are  summarized  In  Table  1.  This 
table  includes  some  unsolicited  information,  but  does  not  show  some  concerns 
expressed     by     respondents.  These      Included     categories     of     wastes  not    in  the 

questionnaire,  the  need  for  recycling  of  solvents  especially,  and  some  need  for 
education  In  the  intricacies  of  the  regulations.  It  also  does  not  show  the 
wastes  exempted  as  small  quantities,   which  may  yet  add  up  to  a  problem. 

It  became  clear  that  the  questionnaire  missed  much  Information  by 
neglecting  the  use  of  ordinary  laboratory  and  process  chemicals  and  solvents. 
The  pharmaceutical  Industry  Is  part  of  the  chemical  manufacturing  Industry,  and 
should  have  been  treated  as  such. 

Disposal  practices  appear  to  be  following  established  guidelines. 
Quantities  and  costs  ace  not  large;  the  total  cost  is  a  small  part  of  the  cost 
of  doing  business.  Nevertheless,  concerns  emerged,  including  the  wisdom  of 
blanket  small  quantity  exemptions,  the  fate  of  pharmaceuticals  (waste  and 
excreted)  going  to  sewers,  and  the  medicines  discarded  by  householders.  A 
number  of   respondents  called   for  economic  solvent  recycling  facilities. 

The  business  of  waste  removal  shows  signs  of  becoming  a  near  monopoly.  Two 
firms  handled  95*  of  the  tonnage  transported. 

Be  conclude  that  the  wastes  from  this  industry  do  not  constitute  a  major 
problem   in  Ontario.     There  are,   however,   some  questionable  aspects,     which  should 
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be  addressed.     Foi  that  end,   we  make  the  following  [econoendatlons. 

pecoBiMendatlons 

1.  We  strongly  reconunend  that  snail  quantity  eKemptiona  for  certain 
pharaaceutical  wastes  not  be  allowed.  This  will  lequlie  Euithei  work  In 
consultation  with  qualified  envlronniental  toxlcologlsta  and  professional 
personnel  fion  the  waste  generators. 

2.  Ve  recommend  that  the  existing  HOE  Household  Hazardous  Waste  Program  should 
Include  pharmaceutical   waste  days   In  as  riany  municipalities  as  possible. 

3.  We  tecommend  that  generators  of  any  wastes  containing  substances  listed  in 
Schedules  2k  and  2B  be  required  to  register  under  Regulation  309.  This 
should  Include  wastes  which  would  otherwise  be  exempted  as  being  below  the 
small  quantity  limit. 

i.  We  recoamend  that  encouragement  be  given  to  persons  oi  companies  from  the 
private  sector   to  set  up  a  cost-effective  solvent  recovery  system. 

5.  He  recommend  that  further  work  be  undertaken  In  the  context  of  the 
Hunlclpal  Industrial  Strategy  for  Abatement:  sewer  effluents  from  producers 
of  drugs  deened  to  be  environmentally  hazardous  should  be  analyzed,  and  it 
any  notable  emissions  are  found,  the  effluents  from  sewage -disposal 
facilities  downstream  should  be  analyzed  for  the  same  substances.  In  order 
to  determine  whether   they  escape  biodeqradatlon. 

6.  We  recommend  that  qualified  persons,  with  assistance  from  the  Canadian 
Pharmaceutical  KanuEacturers  Association  and  financial  support  from  the 
Hinistry  of  the  Environment,  offer  educational  seminars  to  generators  of 
pharmaceutical  wastes.  Including  manufacturers  and  hospitals,  especially 
concerning  fiegulatlon  309  and  the  i  R's. 

7.  We  recommend  that  a     correlation     of     the     trade     names,     generic     names  and 
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chemical  names  of  pharmaceutical  products  and  Ingredients  should  be  prepared 
In  computer -readable  form,  and  frequently  revised  and  updated.  This  would 
greatly  facilitate  cross  checking  of  manufacturers'  lists  against  the 
various  Hlnlstry  schedules. 


TABLE  I 


Major  Products  of 
Pharaaceutlcals 


Antineoplastics 

Vaccines,    Blologicals 

Antihistamines,   Antitussives  and 
Expectorants 

CHS  drugs,    Sedatives,    Analgesics, 
Anticonvulsants  and  Anaesthetics 

Psychotherapeutics 

Cardiovascular  agents 

Corticosteroids,   Hormones, 
Synthetic,    Estrogens 

Antibiotics 

Organic  Based  Pharmaceuticals 
Otherwise  not  specified 

Mineral  Based  Pharmaceuticals 
Otherwise  not  specified 

Solvents 


No.    oE 
Sources 


13 

7 

U 

11 
11 

12 

i 
4 


Total  Quantity 
disposed   (IcQl 


53.2 

18,233.2 

101.15 

2,924.9 

1,390.2 
758.2 

(15. D 
1,374.15 

22,623.2 

190,020.0 
1,300 
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